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Abstract

Gamma rays following the decay of '®°Tb and ®°y
were detected in both singles and coincidence in order to
establish the energy level scheme of the two medium mass

nuclei '®°Dy and '®%0s.

Two large volume Ge(Li) detectors together with a
plastic scintillation counter were incorporated in a Dual
Parameter Energy-Time Spectrometer to measure the gamma-gamma
coincidence spectra: the half-1life of the first excited state
of '*°Dy was measured. An intrinsic Germanium detector was
used to measure low energy transitions. New levels and tran-
sitions are proposed, relative intensities, log ft values,
multipolarities, spins/parities and transition probabilities

are deduced.

The nuclear properties of '®°Dy and '880s are
analysed in terms of current nuclear models. The deviations
from the predictions of the symmetric rotor model for the
states in '®°Dy are explained in terms of band-mixing. The
Coriolis coupling is applied to the negative states which
gives good account to the electric dipole transition probabi-
lities. The possible effect of the recently discovered sub-
shell closure at Z=6/ is investigated for '®°Dy, a nucleus
with proton number (Z=66) exactly midway between the closures
at 50 and 82, and the number of neutrons (N=94) above the
limit of 90. Energy levels, B(E2) absolute values and ratios
are compared with IBM-1 calculations assuming either a single
Z=50-82 shell or a subshell closure at Z=64. The latter
calculation improves agreement with experiment. The 0(6)
limit description is applied to the !'®®0s nucleus. Particular
attention is made to the 01 states and M1 transitions, the
presence of which form the basic test for an 0(6) type
nucleﬁé. The calculations in the context of IBM-1 were
undertaken with the aid of the computer codes PHINT and FBEM.
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CHAPTER T

INTRODUCTION

‘1.1 General

Gammé—ray spectroscopy has been a useful tool in
probing the structure of a nucleus. The studies of various
poperties, such as excited states, quadrupole moments and
branéhing ratios allow different nuclear models to be tested

and verified.

Undoubtedly, the advancement of this spectroscopy
was attributed to the development of high efficiency detectors.
In recent years, large volume Ge(Li) detectors have begun to
replace the low efficiency NaI(Tl) counter. These new solid
state detectors coupled with sophisticated computer package
program codes enable precisé measurements of energies and rela-

tive intensities of gamma-rays to be made.

Furthermore,vthe introduction of integrated circuits
and microprocessors have led to a more reliable system to be
introduced in the y-y coincidence measurements. ' The convent-
ional fast-slow system has been replaced by a Dual Parameter
Energy-Time Spectrometer (DPETS); offering enormous advantages
in data collection rates within short period which enables the

decay scheme of an isotope to rapidly build up.

The present work employs the Dual Parameter System
to establish the decay schemes of two even-even medium mass
nuclei, '®°Dy and '880s. The former is populated by B decay
of '8°Tb while the latter arises from B"decay of '®®Re. The
detailed discussion of these two nuclei will be éiven in

chapters 4 and 5 respectively. .

The remaining part of chapter 1 focuses on the general
phenomena occuring within a nucleus. Chapter 2 deals with
nuclear theory where emphasis is;ﬂocmion the Intéracting Boson
Model\(IBM). The description of the experimental arrangements
is gi&en in chapter 3,and in chapter 6. an overall summary of
the present work is presentéd.
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1.2 Source preparation.

A nucleus undergoing radiocactive decay spontaneously
emits a-particles, B-particles or y-rays, thereby either ridd-
ing itself of nuclear excitation energy or achieving a config-
uration that is or will lead to one of greater stability.

The activity A of a nucleus, at any time t is given

by an expression:

=, emorsoat/T | (1.1)
“where A, is the activity at time zero and T is the half-life

of the radioactive material.

The fact that radioactive decay follows the exponen-
tial law is a strong evidence that this phenomenon is statis-
tical in nature: every nucleus in a sample of radioactive
material has a certain probability of decaying but there is no
way of knowing in advance which nuclei will actually decay in

a particular time span.--

The radioactive material: can-occur either naturally
like Uranium or it can be produced from specific reactions
using a non-radioactive target. There exists several possible
reactions to produce these radioactive materials but so far
the most common and feasible method is the thermal neutron
capture. This reaction involves the capturing of one neutron

by the target nucleus. Such reaction is normally written as;

A T A+1
7 Xyt — Ty Xy F Y '(1.2’)

or in simplified form by -
A A+ o

The notation é Xy refers to the target nucleus with mass

number A and proton (neutron) number Z(N). The product nucleus
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is A+l X
Z N+1
to the increase in the number of neutron by one.

where now the mass has increased by one unit due

An example of such a reaction is the production of
1607 from non-radioactive '5°Tb. The reaction is written as:

1597h(n,y) 6°Th

The radioactive product '®°Tb, having a half-life of 70 days,
decay through the emission of‘B- particles to a more stable

160Dy nucleus.

To achieve this mode of reaction the target element
has to be exposed td%neutron beam. The most ideal source of
neutrons would be a nuclear reactor. When a material is irra-
diated in a reactor the rate of build-up of the product radio-
isotope depends on several factors. These include neutron flux,
irradiation time, neutron-capture cross-sections and etc.. The
activity in transformations per second A is given by !l:
Ny 0,04, (e-old>t_-_e-(>\1+ozcb)1;) (1.4)

A =

where
N, is the number of target nuclei orginally present,

0,,0, are the neutron capture cross-sections of the

target (in barns) and product nuclei respectively,

¢ is the effective neutron flux (n cm~2sec” 1)
‘A1~is the decay constant of the product radioisotope

and
t is the irradiation time.

For a short irradiation time, low fluxes (~10%°% » 10%'2n cm~?%sec”?!)

and a small o, the specific activity S (in unit Ci/gm) becomes:

0.6 oé(l-e'°'893t/T)
S = - (105)
3.7 X 10'° w
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where W is the target atomic weight and
T is the half-life of the product isotope.

This relation is very useful in computing the activity
of the product radioisotope and also enables one to determine

the length of irradiation time needed.

When a high neutron flux (=10!'"n cm™%sec”!) is used
and the product radioisotope has a high capture cross-section,
a second order reaction takes place. By ignoring the possible
decay of the product radioisotope, the second reaction can be

represented as:

A A+ A+
7 Xy (m¥)775 Xy (0a)775 X s
A+2

The final product is 7 X N+2 which has an extra mass of two

compared to the target element.

The rates of nuclide transformation are rather compli-

2 and Rubinson 3.

cated and were described in detail. by Bateman
This particular reaction was used in the present
work to producéR}adioisotope 188y, The target element used was

188y and the reaction,
186W(n,y) 187w(n’.Y) IBBL\T

The thermal neutron cross-section. for '8°W is ~40 barns while
that of '8%7W is ~90 barns *. The radiocactive '®®W decays
through B~ emission to '®8Re which in turn decays to stable
18805,

1.3 Electromagnetic radiation.

A1l excited states of nuclei are subjected to decay
to lower states with simultaneous emission of electromagnetic
radiation (y-rays). This radiation is thought to arise-from
the change in the charge and current distributions in the nuclei.
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The classical representation of an electromagnetic
radiation source in terms of an oscillating distribution of
electric or magnetic charges was taken over into the quantum-
mechanical formalism by Heitler 5 to describe nuclear moments
and to classify radiative transitions in nuclei. The radiation
modes are quantized and are represented in terms of spherical
harmonics YLM(6,¢) of rank L=0, 1, 2, 3.... The multipole order
is expressed through the rank L, e.g., radiation represented by

the rank I has multipolarity 2T.

The transverse nature of electfomagnetic radiation

. absolutely rules out monopole. (L=0) y-radiation and precludes
single y-rays from effecting O + 0O transitions. . The only way
in which y-rays can participate in 0 + O transitions is through
second-order processes, whose probability is low, such as a

® or the concurrent emission of a y-ray and

a conversion electron 7.

double-y emission

Consequently, in a y-transition the multipolarity L
can assume nonzero values only. As Heitler 5 has shown, L .
represen?é the total angular momentum .(of absolute magnitude
h[L(L+1)®]) carried by 2L-pole y-radiation with respect to the
source of the radiation field. - Since angular momentum is a
conserved quantity in electromagnetic interactions, it follows

~

tion applies to the triad (gi, s L) so that

that in the nuclear transition gi —- Jf a vector triangle rela-

J; = Jde =1L - (1.6)

Written in nonvectorial fornm,

AT = 34-T.] €« L s |34 (1.7)

¢l ¢l

This constitutes a momentum selection rule.which cufbs the
permitted range of multipolarities.L for transitions connecting

levels with initial spin Ji and final spin Jf.

For each multipole order, there are two possible
classes of radiation: electric oL pole (EL) and magnetic 2

pole (ML). A distinction is made between electric and magnetic



15

multipoles according to the parity associated with the electro-
magnetic radiation. This in turn is directly determined by
whether or not there is a difference in the parities of the
nuclear states between which the transition occurs. Electric
multipole radiation of order L has opposite parity to that of
magnetic radiation of the same multipolarity L in accordance
with the parity rule: electric multipole radiation of order L

has parity
m, = (-1)" (1.8)
and magnetic multipole radiation of order L has parity
m, = (-1 | (1.9)
so that radiation EL or ML of even parity is
M1, E2, M3, B4, ece.
and the radiation EL or ML of odd parity is
El, M2, E3, M4, ....

Spin and parity selection rules prescribe the multi-
pole character of y-transitions and frequently permit multipole
mixing in the y-radiation. Thus, unless Ji or Jf is zero, the
rule |AJ| € L € IJ in principle permits the occurrence of
several multipolarities L. In practice however, the marked
differences in partial lifetimes of different orders L, and of
E or M character, reduce the possibilities'to.mixtures of at

most two components, viz:

ML + E(L+1) e.g. M1 + E2
One does not encounter such mixtures as E1+M2 outside excep-
tional circumstances because the relative emission probability
of M2 is so much smaller than that of El unless El is strongly
inhibited.

The admixtures of'L'=L+i electric multipolarity in
a mixed ML+EL” transition is expressed by the mixing ratio (§).
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This is defined as the ratio of (reduced) matrix elements:

< J.|E(L")]|T. >
§ = £ 1 (1.10)
< JflM(L)lJi >

Hence, a value of § below unity betokens that L is predominant-
ly present, whereas when § exceeds unity, there is an excess

of L’ . The value 6=0 characterizes pure L radiation, and {=«
implies pure L’ radiation. The percentage admixture of ML
intensity is, accordingly (1+82)~!, and of EL’ is 82(1+82)7 %,

The probability of emission of radiation with multi-
polarity L decreases with increasing L roughly as (R/2) 2T
where R is the radius of the nucleus and A is y wavelength.
Since R << A the probability becomes vanishing small for
higher-order multipoles. Thus, most transition will proceed
primarily with emission of y-rays of the lowest multipole order
permitted by the selection rules or perhaps with a mixture of
the lowest two multipole orders of opposite class. The relat-
~ive probability of emission of EL radiation is appreciably
higher than that of the corresponding ML radiation.

The transition probability for the gamma ray is
8 .

given by “:
: ) gm(L+l) 1 (w)2L+1 : )
P(XL; J, + J,) = - (- B(XL; J, + J
1T plen+1)11]2 e i f
(1.11)
where

w is the transition frequency and
B(XL; I, ~ Jf) is the reduced transition probability.

The partial gamma ray transition probability PY(XL)
may be obtained from the total transition probability P(XL)

P_(XL) = P(XL) —Y— | (1.12)
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where ZNd is the sum of the intensities of all transitions
depopulating the level of interest in the same relative units
as the intensity NY(XL) of the gamma ray transition with multi-
polarity XL for which PY(XL) is to be.calpulated.

The value of P(XL) may be obtained experimentally
from the half-1life (T%) of the level using a relationship given
by: '

ln 2 :
P(XL) = (1.13)
T% (1evel)

Some useful relations between the reduced transition
probabilities B(XL) and the partial transition probability
PY(XL) are %:

B(E1l) = 6.288 X 10°¢ EY'3 PY(El)
B(E2) = 8.161 X 107'° E =° P (E2) - (1.14)
B(M1) = 5.687 X 10~1* Ey'3 Py(Ml)

where _
P. is given in sec~! and EY’ the transition energy

Y
given in MeV,

The units of B(EL) and B(ML) will then be e>(fm)2Y and

UszmZL-2 respectively.

These relations will be used later, (chapter IV and
chapter V), to calculate the absolute transition probabilities

and ratios.

l.4 Internal conversion.

_ As a competing process to y decay, internal conver-
sion is one of the ways which serves to dissipate the excitat-
ion energy of a nucleus. By interacting directly with one or
more of the orbital electrons that venture within the nuclear
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region, the nucleus can impart its excess energy to the elect-
ron in a one step process and cause it to be éjected from the
atom. The energy carried is equal to the difference between
the transition energy and the electronic binding energy in its
fespective atomic shell. The vacancy thereby created in an
atomic shell is filled through an electron cascade process
from outer orbits, accompanied by the emission of X-radiation.

10

The process was first discovered by Hahn who

observed a line spectrum iﬁimagneticﬁ§pectrometer.

Since conversion and Y decay compete, a useful para-
meter associated with the process would be the conversion’
coefficient. It provides a measure of the relative probability

in a given transition and is defined as

>

< o

(1.15)

.<2 |(DZ

where Ae(y) and Ne(y) are the decay constant and number of
electrons (photons). The partial internal conversion coeffi-
cients are normally used in connection with electron emission

from specific orbital shells.

eogo

Qp = NeK / NY | : : (1.16)

is the coefficient for ejection of electron from K-shell while
Orq is the coefficient for the ejection from L1 shell. Their

sum then gives the total conversion coefficient;

+ Qe t oeee. = O (1.17)

ta L11

%k T o131

The possibility of decay of an excited state by
internal conversion adds to its decay constant; thus the total
decay constant A is equal to the sum of the partial decay

constants AY and Ao+ As a consequence ;
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A= oA+ A (1.18)

From the relation (1.15), thus

A= (14 a) | (1.19)

The measurement of the internal conversion coeffi-
cients has been a useful spectroscopic tool in determining the
multipolarity of a transition. This is achieved by comparing
the experimental values with the theoretical calculations.
Although, there existed several theoretical approacﬁfto the
calculation = . generally, the values of o increases with the
increase in multipole order, L, and decreases with an increase
in energy transition. Furthermore, the values of o also depend
on Z, the proton number of the nucleus, since this determines

the electron density at the nucleus.

In the calculation of Green and Rose '! the finite
charge distribution of the nucleus affects only the relativis-
tic wavefunctions of ‘the bound state and continuum state
electrons. On the other hand, in the theory of Sliv and Band!?
the nuclear current distribution'was based on a simple surface
current model. A modification to these approaches was later

13

done by Church and Weissner who considered the 'penetration'

effect of the shell electrons into the nucleus.

1% and Pauli and

The calculations of Hager Seltzer
Alder !5 using this later approach is so far the most recent
and reliable data for K, L and M shells. These tables will be
used in the present work in determining the multipolarities
of transitions with known experimental o . Lengthy discussion

are also available in several texts !&* 17,

1.5 B~ decay.

The emission of negative or positiVe electrons or
capture of atomic electrons constitute the main method for
restoring nuclides to the stability line throughout the perio-
dic table. The first method is referred to B~ decay, where a
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neutron is being changed into a proton. This results in an
increase in the nuclear charge by one unit but leaves the

atomic number unchanged.

The kinetic energy (E) of the negatrons (negative
electrons) emitted in this B~ .decay cover a continuous range
from zero up to a maximum (Eo) value. In very many cases, the
observed B~ spectrum is rather complex, a superposition of
the spectra for the various possible transitions arising from
more than one final nuclear state. This occur when the daugﬁ-
ter nucleus is left in an excitedrstéte rather than in its
ground state.

The probability of a B~ decay is given by '8,

In 2

B~ decay probability = = ¢ £(2,E,) (1.20)

t

where
t is the half-life of the B~ decay,

C 1is a constant which depends on nuclear wavefunct-

ion and

f£(2,E,) is an integral given by:

£(Z,E ) = {PDF(Z,E)pZ (E,-E)? dp (1.21)

The factor F(Z,E) ‘is a coulomb correction factor resulting
from an interaction of the orbital electron with daughter
nucleus, p is the momentum of the electron emitted and dp is

a giwven momentum interval. The upper limit of integration,

Po = (EOZ-AI)%, is the maximum momentum in the electron spect-
rum, expressed in units mc. For large values of E,, f(Z,Eo)

is proportional to E,°.

Beta %ransitions can be classified as either allowed

or forbidden. Allowed transitions are those in which the
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emitted particles (electrons and neutrinos) do not carry away
any orbital angular momentum i.e. s-wave. This means that the
parity of the decaying nucleus does not change. If in the
decay the parity of the nuclear states changes, then the parti-
cles cannot be emitted as an s-wave. The angular momentum
carried now is no longer zero. Such a transition is termed as

forbidden transition.

It is customary to define the 'comparative half-life'

of a beta transition, ft, by:
ft = f(Z,Eo) x t ' (1.22) .

On the basis of the ft values, it is possible to group, the
known beta decays into allowed, first-forbidden, second-forbi-

dden and etc.

- Table (1.1) shows some useful classification of beta
transitions according to .the ft _values. The .parénthesés ‘indicate
whether there is a change or not in the parity. This table
will be used later in deducing the possible spins and parities
of the nuclear states. A formal treatment of the B~ decay

theory are given in several texts 1%’ 20,

Table (1.1). Classification of Beta Transition according to

ft values.Thechange in parity are given In

parentheses,

Type Selection rules ft
Superallowed AT = 0,1 (no) 1000 - 4000
Allowed AJ = 0,#1 (no) 2 X 10%*- 10
First Forbidden AT = 0,21 (yes) 108 - 10°%
Unique First Forbidden AT = %2 (yes) 108 - 10°
Second Forbidden AT = #2 (no) 2X10%° - 2x10!3
Unique Second Forbidden AJ = %3 (no) 1012
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CHAPTER II

NUCLEAR MODELS

2.1 Nuclear shell model.

the
The idea ofpshell model was first developed to

explain the observed stability of nuclei having special numbers
of protons or neutrons 22, These numbers at 2, 8, 20 28, 50, 82
and 126 are commonly referred to as magic numbers A,

The striking phenomena éonnected with definite numbers
of protons and neutrons have been interpreted as an indication
that neutrons and protons are arranged into shells within the
nucleus, like electrons in atoms. Each shell is limited to
a certain maximum number of nucleons of a given sort. When a
shell is filled, the resulting configuration is particularly

stable and therefore of low energy.

There exists several theories devised to describe
the nature of these shells. The three notable shell models
are the extreme particle model 23, the single particle model 2*
and the independent particle model 2°. These models possess
a common property that is the particles in the nucleus are
assumed to move in a mean spherically symmetric potential indep-

endent of each other.

i In the simplest form of the shell model, the extreme
single particle model, the nucleons are supposed, in the ground
state, to have dynamically paired motions so that many of the
nuclear properties are due only to the last unpaired nucleon.
It is also assumed that the neutron and proton states fill
independently. 1In such a system, every even-even nuclide has
zero spin and every odd-A nuclide has the angular momentum of
the unpaired particle. The overall average potential of either
-infinite harmonic oscillator potential or infinite rectangular
well potential satisfactorily prédict the lowest of the magic
numbers 2, 8, 20 but thereafter fail to meet the challenge of
accounting for.the higher distinctive numbers 28, 50, 82 and
126. This was éccomplished through the introduction of an
attractive spin-orbit force into the nuclear potential.
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On the basis of single particle model, the assump-
tion of strong spin-orbit coupling was also used. The low
energy properties of a nuclde are attributed to its 'loose!
particies outside closed shells. Thus, the nucleus is consi-
dered as a core of completely filled closed shells containing
the maximum allowed number of nucleons and unfilled shells
containing the remaining number of nucleons.

The reduced transition probability B(oL) for the

gamma-rays transition was estimated by Weisskopf 2° as:

(1.2)2Y 3 |
B(EL) = - }2 AZ.L/3 eZ(fm)zL
4m L+3
(2.1)
and
10 3
BML) = = (1.2)°T7% (3% 2(?2=2)/% g 2 (gp)?2?

m L+2

(2.2)

where A is the mass number of the nucleus and'UN is the nuec-
lear magneton. It can be seen that these estimates are indep-
endent of the energy of the transition and thus form a rough

~estimate of the transition probabilities.

The independent-particle model is based on the assump-

tion that each nucleon moves independently of all nucleons in

~a common potential field. This field represents the average
effect of all interactions with other nucleons, and it is the
same for each particle. Every nucleon is then considered as

_an independent particle, and the presence of other particles
moving in the same field exerts its influence only by means of
the requireﬁents of the Pauli principle, which excludes ident-
ical particles from occupying the same quantum state.

The calculations for single particle states in a
" deformed potential was later developed by Nilsson 27& The
level order was found to vary from that deduced fromypotential
with spherical symmetry . Many properties of odd-A nuclei,
as a function of deformation were predicted with great success.
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2.2 Collective model.

A most significant failure of the shell model app-
roach to nuclear structure is its inability to explain the
very large quadrupole moments, Q. The first attempt to set
up a theory which would explain this anomaly for even nuclei
in the region 150 & A ¢ 190 and. A > 220 was made by Rainwater?®,
He emphasised that a single nucleon moving in an independent
orbit, especially if it has a high angular momentum, will exert
a centrifugal force against the inner surface of the nucleus
thus tending to distort the nuclear shape from the spherical
to ellipsoidal. This distortion contributes to the large value
of Q. '

For a closed shell nucleus, the various nucleon orbits
are oriented at random so that the overall nuclear shape is

spherical.

A single loose nucleon beyond a closed shell will
tend to have its orbit in plane, thus setting up a slight obl-
ate spheroidal deformation. As the number of loose particles
outside the filled nucleon shells increases, there is competi-
tion between the shape deforming tendencies of the loose
nucleons and the pairing force interaction. The latter effect
»repreSents the tendency of two nucleons of .the same kind to
couple to form states of zero angular momentum which are of
course, spherically symmetric. Thus, the equilibrium shape
of the nucleus depends on the relative strengths of the two
effects.

For nuclei with only a few loose particles, the
pairing force dominates and the nuclear shape is very nearly
spherical. The simplest collective motion of such a system
is a.simple harmonic vibration of the surface about equilibrium.

On the other hand, nuclei with many loose particles
are strongly deformed as the deforming effect of the loose

nucleons is a coherent one.
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2.2.1 Collective vibfations.

Classically, this model is similar to an incompres-
sible liquid drop; where the instantaneous form of the surface
may be described generally by an expansion in terms of spheri-
cal harmonics.,

The surfaces of constant density may hence be

deseribed by 2°?

R=R, [1+ Lﬁ ary Yy (850)] (2.3)

where the YLM are the spherical harmonics and 6 and ¢ are

polar angles with respect to some arbitrarily chosen space
fixed axis. Any collective motion will be described by the
VQ{ﬁQ&&Mﬁé of the coefficients ayy with time. Assuming small
oscillations, in the quadratic approximation, the kinetic energy

of collective motion will be

T =% I B |ay,l|? (2.4)
: M eyl

likewise, the potential energy may be written as

V==% Lﬁ o IOLLMI2 (2.5)

The total energy (E) may be written in terms of a

force parameter C, and a mass parameter, B 3?7,
‘E=34Ca%+%Ba2 (2.6)

with an oscillation frequency given by

w = V/C/B o ‘ (2.7)
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The notation a represents the displacement amplitude from

equilibrium.

If the oscillations are quantized the energies have

the values
E(n) = nhow (2.8)

where
n is the number of quadrupole phonons.

The total angular momentum permitted for a given n
is determined by the occupation numbers allowed by the Bose-

Einstein statistics.

The systematic appearance of the 2t single phonon
..vibrational state is an outstanding feature of the spectra of
even-even nuclei, and the triplet of a 2-phonon state O+, 2+,
~4+ at approximately double the energy of the first excited

state is also frequently seen 3°.

Thus the energy spectrum takes the sequence

E 2E1’ BEI 000

1’
For higher spins, this sequence is violated due to the effect

of centrifugal forces on the equilibrium shape.

Octupole phonons have an energy approximately twice
that of a quadrupole vibration, and the single-phonon octupole
state,AB-;lis found in the spectrum of even-even nuclei near
the two pho§on quadrupole states. The collective 3~ excitation

~ is another prominent features of the low lying states.

2.2.2 Collective rotation.

It was known that deformed nuclei show rotational
like spectra 3!. The spectrum depends on the nuclear equili-

brium shape.
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For axially symmetric nuclei, there are no collec-
tive rotations about the symmetric axis and the rotational
wavefunction is completely specified by the quantum number I,

K and M. Here I is the angular momentum with M as its projec-
tion in the Z direction and X as its component along the

nuclear symmetry axis.

The energy spectrum is given by a simple expression:

hZ
+ — I(I+1) (2.9)
29,

E(I) = E

0

where J, is the effective moment of inertia and E, is an energy

scale constant.

More generally, the rotational energy can be expressed
as a function of I(I+l). For sufficiently small values of I,
o in
one can employ an expressionApowers of I(I+1)

E(I) = E_ + AI(I+1) + BI2(I+1)? (2.10)

0

where A is the moment of inertial independence while B is the

corresponding higher-order inertial parameter.

_ This deviation of equation (2.10) from the leading
order rotational energy (Eqn.2.9) may be viewed as the result
of rotation-vibration coupling. The effect can be seen in the

heaviest deformed region.

‘Equation (2.9) implies that the ratio between the
energies of the first two excited states in ground-state band

-

is:

E4i / Ezi = 10/3 . (2.11)

This provides a good indicator as to whether the nuclei exhibit
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rotation or vibration spectra.

In general, if the transition operator M(oL) is
given for the transition, the B(oL); which is the reduced
transition probability is given by:

< £IM(oL) |1 > J?
(21i+l)

B(oL; I —4-If) =

(2.12)
where < f|M(oL)|i > is the reduced matrix element.

Specifically, the reduced matrix element for E2
transitions within a band is given as

A 1 5 1
< KIflM(E2)|KIi > —‘(21i+l) < IiKZOIIfK > X (—)% eq,

16w
(2.13)

which gives the reduced transition probability:

. - 2n 2 2
B(E2; I, — I.) - e?Qy? < I,K20|I.K >

167w
(2.14)

where

Q, is the intrinsic quadrupole moment and

< IiKZOIIfK > is. the - vector addition coefficient
‘representing the coupling of the angular momenta in

a

the intrinsic frame.

2.2.3 Generalised collective model.

The collective models described in the preceding sec-
tions are based on a classical picture where the nucleus is
described by a liquid drop or a similar object which has a
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definite shape. The collective states are then given by
oscillations and rotations of this drop and normally the defor-
mation is restricted to the quadrupole type. These models
(rotator, vibrator) were simple. More refined models such as
rotation-vibration (RVM) %2 were based on the kinetic energy
of Bohr and Mottelson and restricted the potentials to a
triaxial potential minimum and prolate or oblate minimum

respectively.

The first generalisations were put forward by Kumar

and Baranger ®2, and later by Gneuss et al. 3%, and Gneuss

and Greiner 3°5. However, for numerical reasons the potential
and kinetic energies in the Gneuss-Greiner model were restric-

ted to special forms.

Hess et al. 3°® has presented a generaliséd version
of the Gneuss-Greiner approach which led to a generalised collec-
tive model. The numerical solution of the collective Schro-
dinger equation is very simple: the Hamiltonian is diagonalised
within the basis of fhe five dimensional harmonic oscillator,

whose eigenfunctions were constructed analytically.

The collective properties are determined by the mass
parameter and by the potential energy surface (PES) which
gives a vivid répresentation of the dynamical collective proper-
ties of the nucleus. Thus, for example, two minima in the
potential will tell us that an isomeric structure of the nucleus
exists, or a y-unstable valley in the potential will indicate

softness with respect to the triaxiality.

The collective variables of this model are the
components @, of an irreducible quadrupole tensor o, which is
defined via the expansion of the nuclear surface terms of
sphefical harmonics. The conjugate momenta T,n 2T€ introduced

by requiring the canonical commutation relations:
[ Mg @,pr ] = -i06_» (2.15)

Other variables used are the deformation coordinates B and vy
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together with the Euler angles describing the orientation of

the intrinsic systemn.

The collective Hamiltonian has the following form

H=T+7V (2.16)

where
T is the kinetic energy which consists of a harmonic
term proportional to [ﬂXﬂ](o) and two a-dependent
terms which correspond to deformation-dependent mas-

ses,

V is the potential energy surface (PES), a function

of B and cos 3y

In deriving the quadrupble operator, sz, the following assump-

tions are made:

a) Constant charge distribution (p(r) = po)

b) incompressibility of nuclear matter

c) Expansion in @ only up to second order

d) no distinction between protons and neutrons.
The gquadrupole operator is given by:

10

Q,, = PR, (e, - [axa](z)) (2.17)

2m Zm o /220

2.3 Boson Expansion Technique (BET).

The geometrical models no doubt are simple but
there is no well-defined procedure for making transitions
between the different models e.g. the transition from a sphe-
rical vibrator to a deformed rotor. ' Attempts were made to

describe the collective properties of nuclei in terms of boson
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degrees of freedom *7’ 3% | instead of fermion degrees of

freedom. Unfortunately, most of these methods involve infinite

expansions, i.e. boson operators of ever-increasing order 3°.

Thus in order to describe the nuclei, the eXpansion has to be
truncated at certain orders. This has been shown by Tamura

et al. *° in the Boson Expansion Technique.

The Hamiltonian taken as a starting point is given
as a sum of a single-particle Hamiltonian, a particle-hole

type quadrupole-quadrupole interaction, and a pairing interac-

tion of both monopole and quadrupole types *!’ "2,
Ho=Hg o +tHy +H . (2.18)
where
Hs.p. is the single-particle Hamiltonian
th is the particle-hole Hamiltonian and
Hpair is the pairing Hamiltonian.

Taking first the single-particle Hamiltonian and
the monopole type pairing interaction, the transformation is
made, so that the original shell model type single-particle
system is replaced by a system of quasiparticles.

After this transformation is made, the Hamiltonian
is written in a form which is quadratic in.the quasiparticle
pair creation and scattering operators. An orthogonal trans-
formation is then made so as to isolate a collective particle-

hole operator.:

These fermion-pair operators are expanded in an
infinite séries of boson operator products. The coefficients
of this expansion.afe'then determined so that all the commuta-
tion relations, =  satisfied.by the fermion pairs, are satis-
fied by their boson expanded form as well. Since the boson-
expanded form is infinitely long, satisfaction of the commuta-
tion relations is required to hold order by order.
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After the expansion coefficients are obtained, the
fermion pair operators in the Hamiltonian are replaced by
their boson-expanded forms and thus the boson Hamiltonian

emerges.

The Hamiltonian is then diagonalised in a space
spanned by products of the collective bosons. The basis states
in this space classified *® by irreducible representations of
the chain of groups; SU(5) 2> R(5) > R(3), i.e. by the set of
- quantum numbers N, v, y and I. Here N is the number of collec-
tive bosons, v is the seniority (the number of bosons that are
not coupled pairwise to spin zero), and I is the angular momen-
tum. The extra quantum number Yy, enumerates R(5) states that

are degenerated for a pair of values of v and I.

2.) Interacting Boson Model (IBM).

Another approach to the problem of infinite boson
expansion was proposed by Arima and Iachello “*~*8, 1In this
model, which has the virtue of being simple, the collective
properties are described in terms of pairs of nucleons coupled
to angular momentum of L=0 and L=2; which are treated as
bosons. The pairs with L=0 are called s-bosons and those with
angular momentum L=2 are-called d-bosons. The total number of
bosons (N) in a given even-even nucleus.is the sum of the
neutron (Nv) and proton (Nﬂ) pairs. If more than half of the
shell is full, Nﬂ(v) is taken as the numbe; of hole pairs.

The model where proton and neutron bosons are expli-
citly introduced is usually referred to as the Interacting
Boson Model-2 *° to distinguish from IBM-1 which made no

distinction between proton and neutron pairs.
IBM-1 ' .

In this model, one assumes that low-1lying collective
guadrupole states can be generated as states of a system of
[N] bosons able to occupy two levels; one with angular momentum

L=0, called s and with angular momentum L=2 called d.

For the cése in which the two levels are degenefate
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and in the absence of any interaction between the bosons, the
five (u=0, 1, *2) components of the d-boson and the single
component of the s-boson span a linear vector space which
provides a basis for the representation of the group SU(6).
This is characterised by the symmetry properties of the wave-
function. For these bosons, the only allowed representation
are the totally symmetric ones, belonging to the partition
[N] of SU(6) group.

The energy difference, E=€4-€gs and tﬁg boson-boson
interaction 1ift the degeneracy and give rise topdefinite spec-
trum. The spectrum is defined by e, the two-body matrix elements
and the partition [N] of SU(6) to which it belongs. Thus, in
this approach, each nucleus is characterised by a set of para-
meters. The positive parity energy levels can be obtained by

diagonalising the model Hamiltonian °°:
ELL QQ , 0CT
H . =¢exny + — (L.L) + — (Q.Q) + PAIR(P.P) - 107 — (T,.T,)
Sd. d 2 ~ o~ 4 ~ o~ ~ o~ 2 ~3°,3
: HEX
+ 30 — (T,.T,) (2.19)
S o~
where 4
+ <
ng = [d".4d],
P = 3[d.d] - #[s.5],
L = /10 [atxag(*?,
Q = [aTx5+s Xd]( ) %/7[d+xaj(2),
1, = [atxd] ()
T, = [dfxa](u)

The sT(s) and at(d) are the creationn(annihilation)_operatbrs

for s and d bosons respectively.' The number in the parentheses
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denotes the angular momentum couplings. Thus, n4 is the number
of d-bosons and (Q-%): (9.9) and (E.f) are the angular momentum,
quadrupole-quadrupole and pairing interactions respectively.

The parameters ELL, QQ and PAIR characterise fheir respective
magnitudes. The remaining two parameters, OCT and HEX, refer
to the magnitude of the octupole (T,.T,) and hexadecapole

(T,.T,) interactions respectively.

In addition to energies, one can also calculate
other properties such as electromagnetic transition rates.

In order to do so, one must specify the transition operators.
If one assumes that these are atmost one-body operator:

rlt) =y (W) (2.20)

i=1

From the most generalised second quantized form, the few

possible transition operators are 3°:

E2DD

T(£2) = 525D (sTa+a’s)(?) 4 — (atd)(®)
(2.21)
T(M1) = (ML+MINxN+MINDxng)L + M1E2 [T(E2)xL]

(2.22)

The constants ére written in the same manner as program
FBEM (see chapters IV and V).

Once the transition operators have been given,
electromagnetic transition'fate can be calculated by taking
reduced matrix elfments of’T(l) between initial (Ji) and final
(Jf) states < JfIT('Q')IJi > . The B(EL) and B(ML) values are

then obtained as:

-

B(og; J, = J,) =——— [<J IT( [J. > ]2
i T (ar 1) £ T

(2.23)
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In order to generate the negative parity states an
* £(L™=3") boson should be coupled with the s-d bosons space.
The total Hamiltonian will then be:

sa P He + Hyp | (2.24)

where
H_ q is defined by equation (2.19)

Hf is the Hamiltonian_of an f-boson while
de is-the Hamiltonian resulting from the coupling
of d and f bosons. These Hamiltonians are defined
as follows: ‘

H (2.25)

f

= HEARB X N

Hyp = FELL(%d.gf) + ng(gd.gf) (2.26)

where HBAR3 is the magnitude of the f-boson energy and FELL-
and FQQ are the magnitude of the angular momentum and quadru-
pole-quadrupole interactions of d and f-bosons respeectively.

Although for a detailed comparison with experiment
it may always be necessary to perform numerical calculations,
it is of interest to consider special situations for which
all properties of the system can be calculated in compact,
analytic form. These Speciai or limiting, situations provide
the framework for a semi-quantitative understanding of the
observed spectra without reséfting to numerical calculations.
Since the interacting boson model has a very definite group
structure, that of.the group SU(6), the problem of finding all
the possible analytic solutions to the eigen-value problem

of H can be solved in a rigorous and complete way.

) Analytic solutions correspond to dynamical symmet-
ries of the Hamiltonian H, that is, to situations in which it
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is possible to write the Hamiltonian in terms of invariant
operators of a complete chain of subgroups of SU(6). There
are three and only three possible chains which hence give rise
to three limits, SU(5), SU(3) and 0(6). However, the model is
in no way limited to these symmetries only. Indeed, one of
its most attractive aspects is its ability to treat complex
transitional regions,such as SU(3) — 0(6) or SU(5) — SU(3)
case extremely simply. The characteristics of a nucleus

lying in this transitional region can then be specified in
terms of the ratio of the coefficients of the characteristic
terms for the two limits.

2.4.1 The rotational limit SU(3)"S.

The Hamiltonian used to describe the positive parity

states can be written as:.

ELL QQ

Hoy = >y (L.L) + = (Q.9) | (2.27)

The eigen-states of this limit IEN], (x,u), K, L, M,>.

are labelled by the group reduction SU(6) D SU(3)D0(3) for
which the quantum numbers are; [N] the.total number of bosons,
L, the angular momentum with M as its z-projection, and K,

the projection of L along the axis of nuclear. symmetry. The
(X,u) denote SU(3) irreducible representations.

The values of (A,u) contained in . each [N] are given

by:

[N] = (2N,0) + (2N-4,2) + (2N-8,4) + ....
(2.28)

The values of XK in each (A,u) group ranges as:

K = min(A,u) , min(X,u) - 2, veese 1 or O
(2.29)

The allowed values éf L in each X are
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L = K, K+1, K+2, .... K+max(A,u) (2.30)
with the exception of K=0 for which:

L = max(X,u) , max(Au) -2 , ... Lor©
(2.31)

Thus the ground state is represented by |[N], (2N,0), K=0, L >
while the B- and y-bands are represented by
| [N], (2N-4,2), K=0, L > and |[N], (2N-4,2), K=2, L >

respectively.

Analytically, the energy states derived from the
pure SU(3) limit can be written as

ELL QQ
E = (-3Q04  )L(1+41) + —(A2+u2+Au+3(A+u))
6 » 4

(2.32)

The degeneracy of Y- and B-bands may be removed by including
the fourth term of equation (2.19).

The corresponding E2 operator is given by
T(52) = of(sTa+ats)(?) + (r/v5)(atd) (2]

(2.33)
E2DD '

where @ = E2SD and R = of equation (2.21). The constant

E2SD :
o simply has the effect of multiplying all calculated B(E2)
values by a2. Thus the only parameter which affects relative
B(E2) values is R. In pure-SU(3) limit, R takes the value
-/35/2, equal to -2.958, and with such a value E2 transitions
between the different (A,u) reﬁresentations are forbidden.
Since R takes the value 0 in the 0(6) or SU(5) 1limits, its
overall range can be expected to lie between 0 and -2.958.
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If the contributions from the And—tl and And-O terms
of the E2 operator are defined to be 52 :

(21, +1)‘ < K, Ifll(s+d+d+s)( )IIK I, >,

M, =
(2.34)
M, = (21, +1)'% < K.I.|[(a%d 3)(2) s %, 1, >
(2.35)
then
< KpI|IT(E2)||K I, 5 = (21,+1)%(m,+RM,)
(2.36)
giving
B(E2; I, — I,) = - (M, + RM,)? (2.37)

The requirement that an inter-representation transition
vanishes in the SU(3) 1limit for R=-2.958, implies either

2.958 M, | (2.38)

=
n

or
M, = M, =0 ' | (2.39)

The reduced E2 matrix element in the first case becomes

]

< KIl|T(ER)]]K I, > = (21.+1)% M, [1 +
, 1 2.958

Thus the ratio of the matrix elements of any two inter-represen-

tation transitions is independent of R.

For transitions with the same Ii the ratio becomes

< KpIp |IT(E2)[IK I, > _ M (2.41)

< KfIf IIT(EZ)llKiIi > M,° ‘ 'u
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The relative strengths of inter-representations transitions

can therefore be deduced simply from the matrix elements M,.

An analytical solution for B(E2) value for transit-

ions within GSB is given by

(L+1) (L+2) (2N-L) (2N+L+3)

B(E2; L+2 — L) = a22
(2L+3)(2L+5)

(2.42)

which implies

B(E2; 4] — 2}) 10 (N-1)(2N+5) 10 (2.43)

—

B(E2; 2] — 0}) 7 N(2N+3) N+

~2

The quadrupole moment of the first excited state (Q2+) is
, . : 1

given by
2m 2(4N+3)
Q2+=:-a/ —_ X — (2.44)
1 5 7

In the periodic table, there are two regions which
correspond to the SU(3) limit. One comprises of nuclei in the
middle of the N=82-126, Z=50-82 and the second consists of
nuclei in the shells above N=126, Z=82.

2.4.2 ~y-unstable 0(6) limit “7.

The Hamiltonian which describes the pure 0(6) limit
is made up of second, fourth and fifth terms of equation (2.19).

. The eigen states |[N], o, T, vy» L, M > are labelled
by the group reduction SU(6)D 0(6) D 0(5) > 0(3) for which
the quantum numbers are [N], the total number of bosons, L,

the angular momentum with M as its z-projection.
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The values of quantum number o contained in each

[N] are given by

=N, N-2, ¢ee. O 0Oor 1, for N = even or odd

(2.45)

The quantum number T characterises the totally symmetric
irreducible representation of 0(5) which can take the value

in each 0 as:
T = 0’ 0-1’ LI Y 0 M (2.46) ‘

A quantum nﬁmber Vs counts d-boson triplets coupled to zero

angular momentum. The values are given by:

vy =0, 1 el g [1/3] (2.47)

A
The vélues of L contained in each T are given by:
L = 2A, 2A-2, 2A-3, ... A  (2.48)
where_k is limited by

A=T -3, >0 ' ~(2.49)

Analytically, the excitation energies derived from

,the pure 0(6) Hamiltonian is given by:

E([N], o, 1, m,, L) = % PAIR (N-0)(N+o+4) + 15 OCT

x 1(T+3) + £E££;9921 L(L+1)
: 2

(2.50)
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Some important characteristic features of an 0(6)
spectrum are:
i

(i) For each value of o, the level spacing are
exactly repeated commencing at successively
higher bandhead energies. The same level spin
repeat, except for the effects of a spin 'cut-
off' which 1limits states to spin value < 20.

(ii) Repeating ot — 2t = ot sequence

(iii)For higher T-values, one notes other level
. . . . + + +
groupings. One in particular are 4 , 5, 6
levels.

For a pure 0(6) 1limit, the parameter E2DD in the E2
operator of equation (2.21) is zero. This reduces the equat-

ion to:
T(E2) = E25D (aT5 + @) (2) (2.51)

This gives rise to two selection rules for E2 transitions.

(i) Ao0=0, which states that the matrix elements:
connecting states with different values of the
quantum number 0 simply vanish in the 0(6)
limit.

(ii) At = %1

.Also derived from equation (2.51) above, the B(E2) ratios for
transitions originating from same initial spin are independent
of* the E2 parameters.

The analytical solution for B(E2) values in GSB
(o=N) is given by ‘

L+é (2N-L) (2N+L+8)
B(E2; L+2 — L) = (E28D)? (2.52)
2(L+5) 4
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Thus the ratio

B(E2; 4," — 2,7) 10 (N-1)(N+5) 10
B(E2; 2,7 — 0,7) 7 N(N+4) Noww 7
(2.53)

The M1 transition matrix element of equation (2.22)

~ becomes °3:

< KfIflT(Ml)lKi.Ii > = MIND /Ii(Ii+l)(ZIi+1) < KfIf[nd]Ki I, >

8,6, - MIE2 f(IiIf) < Kflf[T(Ez)lKili >

(2.54)

where 1 ’ N
£(I,1,) = [Za (Ii+If+3)(If-Ii+2)(Ii-If+2)(Ii+If-l)]2
' (2.55)

The N4 term of the quation obeys the selection rule
Ao=2, AT=0, while the E2 operator obeys the rule Ac=0, At=%1.
Thus for transitions between the 0=N-2 and o=N groups of levels,
the At=0, I + I transition might be expected to be dominantly
M1 in character, with relative absolute strengths distributed
according to the spin dependence of the first term of equation
(2.54). In addition the ratio of these M1 transitions to M1
branches involving Ao=2, At=%*1 should be large.

There exists two regions which are postulated to
exhibit the 0(6) 1limit characters. These regions occur towards

the end of the neutron shells 50-82 and 82-126. -

2.4.3 Vibrational limit SU(5) “®.

The Hamiltonian of this 1limit can be written in the

form:
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L+2 . ~—
H = exng + pX 4/2L+1 C(—) [(d+d)(L) X (dd)(L)]
L=0,2,4 2

(2.56)

The resulting eigen-values resulting from diagonalising this

Hamiltonian are given as:

E(nd, v, n,, L, M) = Eng + 3 a(nd)(nd-l) + B(nd—v)

(na+v+3) + y[L(L+1)-6nd]

(2.57)

where the parameters in equation (5.27) are related to that

in equation (5.26) by

Cl =a + 108 - 12y
C2 = a - by (2.58)
C3 = a + 8y

As written in equation (5.27), the states are uniquely classi-
fied by five quantum numbers. Three of them are trivial, the
d-boson number nys the angular momentum L and its z-component
M. The fourth is the boson seniority v. Instead of v, one
can introduce another quantum number ng which counts boson
pairs coupled to zero angular momentum. nB.is related to v

by:

v =n4 - 2n . (2.59)

The fifth quantum number is n, which counts boson triplets

coupled to zero angular momentum.

The total number n, is partitioned by-n8 and nA as;
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n, =2n, + 3n, + A (2.60)

and the values of the total angular momentum for each Ng» Ngo

n, are given in terms of A by;
L = >\, A+l’ >\+2. L ) 2A-2’ 2)\ (2.61)

To identify the region of SU(5) a necessary but not
sufficient condition is that the forbidden Ana=2 transition
be small, and that a vibration like two phonon pattern is
present with O+, 2+, 4+ states in the neighbourhood of twice
the energy of the first excited state. The most favourable
condition seems to be when N(orZ) is only 4-6 particles away
from the closed shell and Z(or N) is 8-10 particles away

from it.

2.4./4 Transitional Regions.

The three limiting cases discussed above are useful
since they provide a set of analytic solutions which are
easily tested by experiment. However, only few nuclei caﬁwbe
described by the limiting cases. Most nuclei display spectra
intermediate between the limiting cases. For the purpose
of classification, the transitional nuclei can be divided

into four classes.

A. nuclei with spectra intermediate between SU(3) and SU(5)
B. nuclei with spectra intermediate between 0(6) and SU(3)

C. nuclei with spectra intermediate between 0(6) and SU(5)

D. nuclei with spectra intermediate among all three limiting

casese.

Nuclei in the transitional class D are difficult
to treat from a phenomenological point of view, because they

require the use of all the operators ng» P.P, L.L, Q.Q, T,.T,
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and T,.T, appearing in equation (2.19). Much simpler studies
can be done for nuclei belonging to the transitional classes
A, B and C.

The Hamiltonian of class A can be written as

H = H[SU(3)] + exn (2.62)

d

where the first ‘term on the R.H.S. is the Hamiltonian of SU(3)
- limit. It is clear that, when € is large, the eigenfunctions
of H will be those appropriate to the SU(5) symmetry, while
when € is small, they will be those appropriate to SU(3)
limit. For intermediate situations, they will be somewhat
intermediate between the two limits. Similar changes also
occur in the electromagnetic transition rates. Particularly
important is the ratio

B(E2; 2,7 — 0,7)
R = (2.63)

B(E2; 2,7 — 2,7)
thch changes from
R =0 , in SU(5) ' (2.63 a)
to 7
R = — in 8SU(3) - (2.63 b)
10 - )
The Hamiltonian of class B can be written in the
form

(==
I

Q- »
~H[0(6)] + = (Q.9) (2.64)

Again, when QQ is small the eigenfunctions of H are those
appropriate to 0(6) limit, while when QQ is large they are
those appropriate to symmetry SU(3). The changes in electro-

magnetic transition rates can be seen from the ratio R,
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defined in equation (2.63) whereby

R

n

0 in 0(6) (2.65)

and

=)
n

7
— in SU(3) A (2.66)
10 .

In the case of transitional class C, the Hamiltonian

" can be expressed as

H = H[0(6)] + exn (2.67)

d
Thus when & is large the eigenfunctions of H are those of
SU(5) 1limit, while when e is small they are those appropriate

to 0(6) limit.

2.4.5 Program codes PHINT and FBEM.

These two programs were used during the course of
present work tﬁwpredict the nuclear structure properties in
the context ofalnteracting Boson Model. They are coded in
FORTRAN IV and were designed to calculate the energy levels

and transition probabilities.

The program PHINT calculates the energies and eigen
vectors for the positive and negative parity states. These
resulted from an exact diagonalisation.of the IBA Hamiltonian
(H) defined as: ' ‘

+ H, + H (2.68)

sd daf

-

where the appropriate definition of the Hamiltonian were given
by equations (2.19), (2.25) and (2.26). In calculating the
Hamiltonian the spherical SU(5). basis is used;

v > =-|[N], ng, ngs nps Lgs npy L >,
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where N = total number of bosons

ng = number of d-bosons,

ng = number of pairs of d-bosons coupled to L=0,

n, = number of triplets of d-bosons coupled to L=0,

Ld = total angular momentum of d-bosons,

ne = number of f-bosons; =0 for positive parity
states

=1 for negative parity

states.

L = total angular momentum of the state.

The program FBEM calculates the transition probabilities, as

a result of acting the transition operator on the wavefunctions
generated by PHINT. An example of such an operator was given
earlier in equation (2.21), used ‘to calculate B(E2) values.

The calculation procedures which involve the two
programs will be briefly discussed. Both programs are avail-
able at the University of London CDC 7600 computer.

The important step in calculating the positive
parity states of a nucleus is first to determine its 'strategy!'
i;e. the IBM 1limit which can represent the nucleus. This will
enable an appropriate form of the Hamiltonian to be specified
during the diagonalisation procedure. The quick and easy
way to identify the limit is to calculate the experimental
energy levels ratio EA: / E2+ . If the ratio is approximately
in the region of 3.0, the appropriate 1limit to start with is
SU(3). When the ratio lies between 2.0 and 2.5; an 0(6)
description is more suitable while the ratio less than 2.0

indicates an SU(5) characteristic.

Figure (2.1) shows the typical energy level Spectrum
for the different types of symmetries. The arrows between

the levels specified the allowed y-transitions.

The second step is to estimate the values of the
parameters used in the Hamiltonian. The parameters that have

to be included are:

- 8U(3) : (QQ, ELL) and EPS, PAIR, OCT, HEX



48

0(6)

(PAIR, OCT, ELL) and EPS, QQ, HEX

SU(5) : full Hamiltonian.

The parameters in the brackets are for the exact (pure) limit
and the other parameters are in order of assumed decreasing
importance. The bracketed parameters can be estimated from
the specific analytical solutions. The method is to equateq
few experimental energy levels with the appropriate analytical
“solution. The values (in MeV) obtained from this 'hand' fit-
ting will constitute the initial values for the parameters

used during the diagonalisation of H.

The total number of bosons, specified by option
NPHMAX, are deduced from the number of nucleons ocutside the
closed shell. When the shells are more than half-filled, the
bosons are counted as hole pairs. In its standard version the
program can handle up to 16 bosons. The maximum spin value
that can be computed by PHINT is twice the number of bosons.
Normally, this spin value is specifiedvin order to reduce the
computing problem. By setting the option IAM equals to a
,certain number, the program will stop executing when it reaches
. this spin value. If not, the execution will only terminate
after a default value of 2 X NPHMAX is reached.

The negative parity states can be calculated by
assigning IPPM=2 instead of 1. This will instruct the program
to take the Hamiltonian defined by Equation (2.68). The option
NEIG specify the number of eigenvectors to be calculated for
each J. Some other options available include, WRTAPE which
tells the program to write the eigenvectors on the diskfile
"TAPE '10". This diskfile will be used by FBEM to calculate
the transition probabilities. The option PRINTP enables the:
resulting levels to be drawn schematically. The detailed type
of options available: are given in the program package
PHINT 5°.

The program FBEM needs two sets of inputs in order
to calculate the transition probabilities. The first set

consists of the values of the'parameters for which the transi-



*SUOT}TSUBIY}-A POMOTTE ©3BOIPUT SMOJII® O]

*S3TUIT (9)0 PuB (€)NS ‘($)NS °uU3y Ut unijooeds ToaeT TBOT3oJ00U] (T°Z) 04ndtTd

(9)0 (€)ns : (¢)ns
0 0 0
4+ ﬁ ol
2 o
+ +€ , .
o7 qge e
- . O
+< HG °2 HN Aw 72
o7
+9 Tl
. . T
R A qG Y +DJ|. g
1
4+ 12 T+ d
m .
+ P ——a v
S | o +9,7,€.2,0 = a¢
+7 — 7 — — HE'E+'d
Z 70T .




50

tion probabilities are to be calculated. For example, the
parameters E2SD and E2DD are used to calculate the B(E2) values.
The values of the parameters can be estimated using the
analytical solutions i.e. by equating few known experimental

values with the solutions.

The second set of the inputs consists of several
options which enables the program to select the transition's
mode. For example option ALL=X will instruct the program to
calculate all the possible transitions with multipolarity EA
and MA. If only few transitions are needed, an option ONLY

must be used.

It is important to note that FBEM cannot function
independently without program PHINT but not vice versa.

2.5 Pairing-Plus-Quadrupole Model (PPQM).

This model has been used in recent years in attempts
at understanding nuclear structure. The combination of two
forces leads naturally to the most important residual effects
in nuclear structure, namely pairing effects and quadrupole
deformation. The nucleus find its shape as a result of the
competition of these two forces, the quadrupole force attemp-
ting to deform it and the pairing force trying to keep it

spherical.

The Hamiltonian (H) of the model consists of three

parts S"%:

H=1=H +HP+H (2.69)

where
H is the Hamiltonian for the spherical, single-
particle energy,

H is the Hamiltonian of the pairing force and

H is for the quadrupole force.
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The simplest approach to this Hamiltonian is to treat it in

535, The pairing effects and

a self-consistent approximation
field effects are treated on the same footing. The assumptions

‘made are:

a) The contribution of the pairing force to the

self-consistent field is neglected.

b) The contribution of the quadrupole force to the
pairing potential is neglected.

c) The exchange term coming from the quadrupole

force is also neglected.

These approximations are essential in bringing out great

simplifications in the formalism.

The approach was used by Baranger and Kumar *" for
the single-j shell analysis i.e. a nuclear shell consisting
of one single particie level, whose angular momentum is j.

The validity of the model was later discussed 5°©
whereby a correction is introduced to take into account the
different number of protons and neutrons. The criteria for
choosing the values of each parameters in the Hamiltonian were
also described. The parameters include the harmonic oscillator
length b, the number of levels that should be included in the
calculation, the quadrupole strength and also the strength of
the pairing force.

A further test on the model was made by Kumar and
Baranger whereby the properties of the rare-earth nuclei were
calculated 37. The calculations were done within the framework
of Bohr's collective Hamiltonian $%®. The seven functions (six
kinetic energy functions and one potential energy function)
are calculated microscopically starting from a spherical shell
model plus residual interaction °°. The pairing plus quadru-
pole model of residual interaction was used. The seven func-
tions determine'thevcoupling between rotational motion, B-

vibration and y-vibration.
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CHAPTER III

EXPERIMENTAL ARRANGEMENT

3.1 Singles spectra measurements.

The gamma-rays emitted by the radioisotopes were
detected using different types of detectors: their efficiencies,
equivalent volumes and measured performance characteristics
are tabulated in Table (3.1). Each of these detectors are
equipped with cooled FETs low noise preamplifiers, except for
the NE102A plastic counter.

Two types of detectors were used in the singles spec-
tra measurements. An intrinsic Germanium detector was employed
to detect gamma-rays of energies less than 300 keV and 12 %
efficient Ge(Li) measured the whole energy range of gamma-rays
observed in the decay of the isotopes. These two combinations
provide'an overlap energy region between zero to 300 keV and
constitutes a good check-up procedure, not only for the
presence of gamma-rays with energies less than 300 keV but

also their relative intensities.

In obtaining the singles, the output signals from
the preamplifier were fed into a spectroscopic amplifier \
(Ortec 572). The signal-to-noise ratio was optimised by set-
ting the shaping time constant of the amplifier at 2 usec and
the Baseline Restorer (BLS) at AUTO mode. The output signals
from the amplifier were then fed to the Analogue Digital
Converter (ADC) whose output was taken to the memory unit hav-

ing 4096 channel numbers.

The source-to-detector distanée was fixed at 25 cm
and the source activity was chosen to give a count ratguof less
than 2000 counts per sec. in order to minimise the pile,effects.



53

Table (3.1) Specifications of the detectors used in this

work.
Type Approx.  Relative Energy Peak-Compton
Volume Efficiency4 Resoln.t ratio
(keV)

Ge(Li) 70 ce. - 12 % 2.21(5) 36
Ge(Li) 60 ce. - 10 % 1.94(5) 38
Intrinsic Ge 2.5cm? x 2.5cm 1.62, 0.5% 37
NE10RA Plastic 177 x 1%’

t ¢ FWHM of 1332 keV %°Co.

* ¢« FWHM of 122 keV.
$ : at 1.33 MeV

3.2 Energy and efficiency calibration.

The energy calibration was determined by a least-
squares fit to an n-th degree polynomial to the y-ray energies.
The energies used in the fitting were the 511 and 1275 keV of
22Na and the 1173 and 1332 keV of °%°Co together with few promi-
nent y-rays of the isotope under study. The uncertainties in
their calibrated energies were taken from Ref: ®!. The centroid
of these energy peaks were determined by the fitting procedure
of program SAMPO 60 yhich uses the Gaussian-plus-exponential
~representation of the shape function for the photopeaks.

. Essentially the uncertainties in the energy determination can
be attribufed to two main reasons, the energy response of the
preamplifier and the ADC and also due to the listed calibration
uncertainty. The nonlinearities of the preamplifier and the
ADC may add up to few parts in a thousand and is assumed to be
a continuous function of energy. A third order polynomial

was found to give the best fit.

The efficiency curve for the detector was constructed
using gamma-ray sources over the energy range from 30 keV to
2.0 MeV. The sources are chemical standard sources ©2 which
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Figure (3.1) The absolute efficiency-energy relationship for
‘the 12 % efficient detector. ' B
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Figure (3.2) The absolute'efficiency—energy relationship for

an intrinsic Germanium detector.
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include 2*'Am, '3°Ba, %7Co, ®°Co, '32Cs, 5“Mn, ®°Y and 22Na.
The efficiency € of the detector was taken as a function of

the energy E to be:
e =P, [E°2 + P_ exp (P,E)] (3.1)

where E is expressed in keV. The four parameters P,-P, were

. determined by a least-squares minimisation procedure carried
out by the program SAMPO %, modified to run on the University
of London CDC 6600 computer. The error in the efficiency
calibration was attributed to the error in the peak area of
the y-rays as determined by the peak fitting procedure of
SAMPO. The-error in the efficiency calibration was estimated

to be in the region of 2 %.
Figure (3.1) shows the efficiency curve for the 12 %
Ge(Li) detector as a function of energy. The efficiency curve

for the pure Germanium detector is shown in Figure (3.2).

3.3 +y-y coincidence method.

' When two y-radiations are emitted successively by a
'nucleus, they are correlated either in space or in time.
The measurement of the time correlation which involves the
determination of ‘the number of transitions of the first y-
transition following (or preceding) the other enables a level
scheme of a nucleus to be constructed. These coincidences
are measured by a system having resolving time greater than
the delay between the 'birth' and 'death' of the two transitionmns.
The system uses two detectors, one selects an 'energy channel!
and measures the energy spectrum in the,othexn_dz4ec*op,c§34hgn:ﬁ
coincidence radiations, '

3.3.1 PFast-slow coincidence system.

Basically the system consists of 'fast' and 'slow!
branches, the fast refers to the timing arm and the slow

represents the energy section.
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Figure (3.3) shows the conventional fast-slow

coincidence system.

The two detectors were arranged at 90° . to one
another in order to minimise the possible scattering effects
of the crystals inside the detectors. There are two outputs
from each of the detectors. One was for the timing and another
for the energy. In the fast branch of the system, the 12 %
efficient Ge(Li) detector was used to initiate the START pulse
while the 10 % efficient Ge(Li) provides the STOP signal to
the Time Pulse Height Converter (TPHC). The output of the
TPHC gives a time distribution for the events in the two .

detectors.

The timing pulses from the two detectors were init-
ially shaped and amplified by two units, Constant Fraction
Discriminator (CFD) and Timing Filter Amplifier (TFA), before
being fed to the TPHC. The timing distribution obtained
depends on the combination of settings of these units. The
accuracy of any coinéidence experiment depends on this time
distribution as a’timing correlation for the coincidence gate.
Generally, this time distribution can be affected by the contri-
bution from undesired events such as chance and background

coincidences.

The chance coincidences depend on the resolving
time T defined as the FWHM of the timing peak. The ratio of
the true-coincidence to chance coinecidence is iﬁversely propor-
tional to T ®2. Thus for small value of T, the ratio is
expected to be high. The value of T obtained is much affected

by time walk and jitter noises in the electronics.

Walk effect is a time variation in producing time

' signals %%, It arises from pulses which triggers the discri-
minator at fixed threshold with varying amplitudes and rise-
time.. This variation in risetimes and amplitudes of the |
pulses is indeed expected to occur especially in the solid
state detectors used. These detectors possess finite charge
collection time depending on the position of electron-hole

pair being created. In order to minimise this time walk
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Figure (3.3)

Block diagram of the conventional fast-slow

system.
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Delay
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problem, a method of constant fraction timing mode ®%’ ©57 66

was used. Here, the input pulse is initially attenuated by

a factor 20 % of the original height. The full amplitude,
being delayed by time (td), is then inverted and added to the
attenuated pulse. The timing signal is derived.at the zero-
crossing point of the pﬁlse and will be the same for all
pulses.

Jitters on the other hand are noise signals super-
impoéed on the real signals. They are statistical fluctuations
of the signals from the detector and can cause discriminator
to response either sooner or later than it should be. This
problem can be resolved by setting the constant fraction discri-

minator level well above the noise level.

The Timing Single Channel Analyser (TSCA) was used
to select the true part of the timing spectrum generated by
the TPHC., The window settings AE of the TSCA were adjusted

to 1ié“§$$%he peak of the timing spectrum.

In the slow branch, the gating energy was chosen by
another TSCA, from the energy pulses of the 10 % Ge(Li) detec-
tor. The output of both TSCA were delayed and fed into a

slow coincidence unit.

The output is then taken to the Pulse Stretcher (PS)
and to the coincidence part of the Multichannel Analyser (MCA).

The 12 % detector provides the total spectrum which
was first delayed and fed to the high level of the MCA. By
setting the MCA to coincidence mode, the coincidence data
was then accumulated until sufficient counts were obtained.

The conventional fast-slow system is relatively of

low efficiency due to two main factors:

- \ In selecting the true coincidence part of the timing
speétrum, the region AE was narrowed down as much as
possible. This could lead to some useful information
being lost and therefore resulting in poor coincidence

spectrum.
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- The background coincidences were not corrected for.
This is very important especially for gating peaks
with low energies where the background is high.

3.3.2 Dual Parameter Energy-Time Spectrometer (DPETS).

The spectrometer &7

provides an alternative system
to the conventional fast-slow coincidence system. The high
efficiency of the DPETS enables large amountsof data to be
accumulated within a short time period. The spectrometer has
a 4096 by 4096 coincident gamma-gamma spectra from two Ge(Li)

detectors stored in a large capacity magnetic tape.

Figure (3.4) shows a schematic diagram of the

spectrometer.

The difference between the spectrometer and the
conventional fast-slow system is the introduction of a Dual
Parameter Collection System (DPDCS) which contributes to the

~high efficiency of the spectrometer.

Figure (3.5) shows the block diagram of the dual-
. parameter data collection system attached to the fast-slow

branch.

The DPDC system used a dual-parameter interface bet-
ween the foincidence branch and the magnetic tape storage and
e
is calledpwrite interface. The interface between the magnetic

tape and memory unit is the read interface.

In the fast branch there is also a modification being
made. The output of the TPHC is fed to two separate TSCAs.
One TSCA selects the total part of the timing spectrum and the
other chooses the chance region. The output'of these TSCAs
then trigger the Pulse.Generator (GPG), an output of which
wés used to gate the two ADCs. The two ADCs, one for the spec-
trum and one for the gating are coupled to the write interface
of the DPDC system (Figure: 3.5).

A pulse from the fast system indicates an event which
' can be either total or chance. This pulse then opens the gate



61

—|Plastic | ® [Ge(Li)
.’j‘
1o
S A T S A
TFA| |TFA
CFD | | CFD| | CFD
' I\ T _
NsecD lfjsecD
TPHC TPHC
l TN .
TSCA TSCA TSCA HHTSCA
j | |
[ i
SC. SA | GPG
IGATE DA DA
DA AD C ————1ADC]|
" MCA DPDCS

Figure (3.4) Block diagram of the Dual-Parameter Energy-

' Time Spectrometer.
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Figure (3.5) Block diagram of the dual-
' parameter data collection

system.
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of the respective gating and spectrum ADCs enabling the linear
signals from the two detectors to be digitised. At the same
time, the pulse is suitably delayed to take into account of
the time required for the conversion process in the two ADCs.

. The recording process will be initiated as soon as this

conversion has been completed.

The binary addresses from the ADCs are converted
into binary-coded-decimal (BCD). 'The multiplexer unit converts
~ the parallel data into serial form and then stored temporarily
in a storage buffer. The buffer can contain up to a maximum
of 2048 bytes. Since one event correponds to nine bytes,. the
buffer can store approximately 227 coincidence events before
dumping the contents on to the tape. |

The 2’ wide tape has seven tracks assigned as 1-2-4-
8-A-B~-P. The parity P has been chosed to be 0dd and is not

used in the present work.

- For every coincidence event, nine words are written
along the tape with each 7-bit word recorded on the correspon-
ding track. The first word identifies whether the coincidence
comes from total or chance. Suppose it comes from'the total,
then tracks 1248 of the tag word will have zeros while tracks
ABD will have only ones in them. For chance coincidence then
ABP becomes (010) and tracks 1248 still remain as zeros. The
remainder eight words correspond to the two ADC addresses,
four for each ADC.

In the read interface, shift register was used to
convert the serial data back to parallel form suitable for the
memory unit of the MCA. The output of the register were divi-
ded into two sections, one corresponds to addresses of the -
gating ADC and the other for the spectrum ADC. The former wexe

connected to the comparator units (thumbwheels).

To obtain a coincidence spectrum, these thumbwheels
(upper and lower windows) were‘set to a certain region of
interest i.e. gating peak. The spectrum is then read through
the READ mode of the system. During the‘reading process the
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incoming data (on the tape) were simultaneously compared with
the window boundaries. Any coincidence with the window will

thus be registered and stored in the memory unit.

The resulting coincidence spectrum is a combination
of three types of coincidences, true, chance and background
coincidences.. The last two types have to be eliminated to
obtain a true coincidence spectrum. The elimination can be
achieved by the subtraction mode of the MCA.

The chance coincidence was removed by switching the
TOTAL-CHANCE toggle of the DPDCS to the CHANCE position. . The
coincident data (on the magnetic tape) was then read to gene-
rate chance coincidence spectrum. Since the MCA was in the
subtraction- mode, the chance coincidence was then subsequently
eliminated from the previously obtained coincidence spectrum.

The background coincidence was subtracted by reset-
ting the toggle back to the TOTAL position. The digital windows
were then set to a region corresponding to the background of
the gating peak. With the MCA still in its subtraction mode,
the coincidence data was then read. The background coincidence
is therefore being eliminated and the resulting spectrum is
the CORRECTED coincidence spectrum, free from both the chance

and background coincidences.

3.4 Timing Spectrometer.

Figure (3.6) shows the set up for the fast branch
of the spectrometer. The complete set up is incorporated with
the Dual Parameter Energy Time Spectrometer of Figure (3.5).

The most critical circuitéry of the fast coincidence
system is that which derives the time information from the
output of the photomultiplier or_thg.Ge(Li) detector. The
direct detector pulses in general have relatively long rise-
times and vary in amplitudes. They must be processed to
‘produce regularised pulses of constant ampiitude and rather

fast rise-times, for presentation to the TPHC.

" The amplitude of the anode pulse from plastic
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Ge(Li) | Plastic *T
TFA
CFD - CFD
Nsec Dr"
[ _ TPHC
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Figure (3.6) Block diagram for the fast-part
L of the lifetime spectrometer.

’
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scintillation counter is approximately in the range of 5 V

with ~2-3 nsec rise-time. The timing pulse of the Ge(1li)
detector has an amplitude of ~0.1 V with longer rise-time in
the range of 60-100 nsec. The pulses from the latter detector
have to be amplified by TFA before being taken to CFD. In the
case of the pulses from plastic counter, they were fed directly
to the CFD. The high amplitude of the pulses are sufficient
enough to trigger the discriminator without being initially

amplified.

The output of CFD (Ge(Li) branch) was delayed by a
Nanosecond Delay unit which then fed the pulse to the STOP
input of TPHC. The output of CFD from plastic branch was fed
directly to the START of TPHC.

The characteristics of a delayed-coincidence system
are most often given in terms of the response of the arrange-
ment to a prompt coincidence. Although the shape of the
spectrum (output of TPHC displayed on MCA) depends on the
properties of the deﬁectors, it may be roughly characterised
by a FWHM and an apparent half-life (T%) of the slope. 1In
addition, the shape also depends on the combination of elec-

. tronic settings especially the TFAs and CFDs. In general,
the width of the prompt curve is a result of the time disper-
sions of two detectors and if the detectors do not have equal

response, the prompt curve generally will not be symmetric.

The time distribution of an excited state was meas-
ured by gating the timing spectrum (TPHC output) with the
gamma ray which depopulatevthis state. The energy arms of
both detectors were fed into a slow coincidence unit (Figure
'3.6) . The output was fed to the MCA.

The data was accumulated for several weeks until
the counts in the spectrum peak reach the order of 10" counts.
This large number of counts will result in a small statistical

error of ~1 %.

The half-life of the excited state was estimated by
a slope-method 63, Here, the life-time of the level is defined

as the time taken by the count rate to drop half of the initial
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value. This drop in the count number is a function of channel
numbers. Thus timing calibration is essential to convert the

channel numbers into time 1lapse.

Figure (3.7) shows the result of the calibration for
1048 conversion gain of the MCA at different TPHC time range.
The expected linearity between delayed time and channel numbers

were observed.

The coincidence count rate (N ) is related to the

source strength by an expression ©8:

where N, and N, are the count rates of the two detectors and
N is the source activity. The smaller the source activity is,
the higher will the .coincidence rate be. 1In addition, the

ratio of true to chance coincidence (Nt/Nc) will also

increase ©3
N, 1
R V.
N 2TN
c

where T is the time resolution of the spectrum (FWHM).

Hence it is important to choose a small activity

for the radioisotope used.

3.6‘ Performance of the systenm.

3.6.1 Timing Spectrometer.

The performance of the spectrometer was checked by .
using two standard radioactive sources: 22Na and ®°Co. The
22Na source was used to measure ‘the lifetime of positronsin

Lucite (perspex) material while‘5°Co source provides a prompt
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Figure (3.8) The lifetime spectrum of positronsin Lucite

(perspex) sample.
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Figure (3.9) The prompt timing spectrum of ¢°Co.
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timing spectrum.

Figure (3.8) shows the lifetime spectrum of positrons

in Lucite material.

The Ge(Li) detector was used to select the 511 keV
peak of the 22?Na spectrum while the plastic detector selects
the Compton plateau region for this peak.' These selections
were done by setting the TSCAs windows at the appropriate levels.
The output signal from these TSCAs were fed to the input of
the slow coincidence unit, the output of which is then used to
open the gate of the MCA. '

The half-1ife (T%) of the positron measured from the
slope of figure (3.8) was 1.35 * 0.05 nsec., in agreement with
the values of 1.32 % 0.03 nsec. of Ref: ©° and 1.18 * 0.14 nsec.
of Ref: 7°., The lifetime spectrometer time resolution measured
using the prompt gamma-rays of ©°Co is shown in Figure (3.9)
and FWHM of 3.91 * 0,05 nsec. was obtained.

3.'6.2 DPETS.

The performance of the spectrometer was checked by
measuring the coincidence spectra of the decay of ''°™Ag. The
detectors used were the 12 % and 10 % efficient Ge(Li) detec-
tors. The former actsas a spectrum detector while the latter

was used as the gating detector.

The activity of the source, prodgced biign,y) react-
ion, was 10 uCi. The distance between the source and both
detectors were adjusted to give a count rate of less than
2000/sec in each of the detectors.

The total coincidence was collected for three weeks,
a reasonable time to acquire data of sufficiently good .statis-

ties.

Figure 3.10 shows part of the total spectrum of
110 Ag. ’

A totai of 4 gating péaks,were chosen to build the
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decay scheme of '1°Cd. The energies were 658, 765, 818 and
88, keV. Apart from their high relative intensities, these
peaks were chosen due to their interrelationship in the
decay schemne.

For each of these gates, initially the UNCORRECTED
~coincidence spectrum was taken by setting the appropriate
windows. Later, the CHANCE and BACKGROUND coincidences were
subtracted: using the subtract mode of the MCA. The coin-
cidence spectrum that resulted is the TRUE (or CORRECTED)

coincidence spectrum of the specified gate.

The coincidence spectrum for all these gates are
shown in Figures: 3.11 — 3.18. For the 818 and 88/ keV gates,
only the CORRECTED coincidence spectrum were shown.

The program SAMPO was used to determine the relative
intensities of peaks observed in the CORRECTED coincidence
spectrum. Table (3.2) shows the summary of the coincidence
results. The entries VS (Very Strong), S (Strong) and W (Weak)
signifies the degree of coincidences. The classification of
these entries were based on their relative intensities of the
transitions. VS indicates-that the relative intensity is more
than 1.5 times the standard relative intensity (relative
intensity in total spectrum). If it is between 1-1.5, it is
considered as Strong (S) and if it is less than 1, a Weak (W)

coincidence is established.

The same criteria were adopted for the rest of the
studies (see Chapter IV and V).

L Figure,(3.19) shows the partial decay scheme of
11904 established from the y-y coincidence measurements.
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Table (3.2) Summary of y-y coincidence, for prominent y-rays,
in the decay of !'°™jg,

Energy Intensityt Gate (keV)
(keV) .
658 764 818 88/
620.24(2) 2.96(10) W Vs - S
657.70(2) 100  (3) - S Vs VS
677.58(2) 11.25(36) W - - Vs
686.98(2) 6.87(22) .8 Vs Vs
706.67(2) 17.53(55) W - W
74L4.27(2) 4.95(16) W - Vs
763.94(2) 23.47(73) S - Vs
818.06(2) 7.78(24) S -
884.73(2) 77.77(239) W -
937.55(2) 36.57(113) - -
1384.28(2) 26.90(83) - -
1475.74(2) 4.39(14) - -
1504.96(2) 14440(45) VS -
1562.18(2) 1.31(5) - -

+ Intensity normalised to IY(658 keV)

100.
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CHAPTER IV

THE !®°Dy NUCLEUS.

4.1l Introduction.

_ The doubly even nuclide '®°Dy lies in the region of
strongly deformed nuclei’!. Thus on the basis of the collec-
tive nuclear model, it is to be expected that this nucleus }
would exhibit a ground state rotational spectrum?®. In addit-
ion, quadrupole and octupole vibrational states are likely to
occur at higher excitation energies, and associated with these
states would find a rotational sequence. This has been part-
icularly true for the low spin states of !®°Dy, together with
the neighbouring !'°“Gd and '®2Sm nuclei as has been observed
by Ofer’?2, ‘

On the other hand, for higher spin states Kumar 73
~ observed a decrease in the level spacing. The Pairing-Plus-
Quadrupole model (PPQM)7® was introduced to describe this
phenomena and it could also explain the backbending effect
in the GSB. '

.

Apart from the rotational I(I+l)_spaciﬁg condition
of the states, the applicability of a collective rotational
model to describe *¢°Dy could also be studied by observing
the branching ratios for transitions connecting different
states. These ratios, both for inter- and intra-band transi-

tions, should obey the rule of Alaga’®“.

The B(E2) ratios as measured by Gunther et al. 75,
for transitions connecting states of gamma-band and GSB, reveal
that such a rule was violated. The experimental ratios were
not in agreemeﬁt with the theoretical predictions 7*. To
account for these deviations, the First Order Perturbation
(FOP) theory of Lipas’® was incorporated into the theoretical
calculations 7. This was fur%%er supported by the work of
Marshalek 77 who suggested thatp'®°Dy nucleus is similar to

the deformed !'9¢Er and '®8Er nuclei.

The advancement in the field of nuclear detectors
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has led to more precise energy and relative intensity measure-

ments being made. The subsequent works of Ludington et al. 78,

Keller and Zganjar ’°, McAdam and Otteson ®°, Dasmahpatra ®?
and Hamilton ®2 on the B(E2) ratios found that the FOP theory 7¢
indeed could not explain the deviation, in contradiction to

the previous observations?’5*77,

Dasmahpatra ®! and -Hamilton ®2 went a step further
by considering the possibility of the inclusion of a Second
Order Perturbation (SOP) theory to explain the observed discre-
pancies. The results of both workers disagree with one
another. While Hamilton ®2 found that such SOP could possibly
explain these deviations, the calculations of Dasmahpatra 8!

revealed no such possibility.

Theoretically, it has not been possible to understand
the level spacing of the negative parity states in '®°Dy. The
branching ratios of the El transitions depopulating such states
do not follow the geometrical model. Although the occurrence
of pairs of states with spin/parity 27, 3~ and 4~ suggests the
presence of two rotational bands 75, the energy spacing between
members within both bands do not follow the simple rotational
formula 83,

The calculations of energy levels by Kocbach and
Vogel ®*%, using band-mixing theory with AK=1, did not give
satisfactory results. A similar approach was taken by Krane °°
to calculate the B(El) ratios. . The results show that the
method of band-mixing could only explain the low energy El

transitions but not higher ones.

The introduction of the IBM by Arima and Iachello
has prompted many investigations especially for nuclei lying
in the region of deformation. The nucleus, of ®°Dy, with the

energy ratio E4+/E2+ = 3.03, is classified as belonging to
: 11727 |
the symméetry group SU(3) *®. The main characteristics of this

group are to give a degeneracy to the gamma- and beta-bands
as well as to forbid E2 transitions connecting states of gamma-
band with states of GSB. Experimentally, gamma- and beta-bands

are observed to be non-degenerate and there exist strong E2
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transitions between gamma-band and GSB. Warner et al. °° as

a result of his studies on the deformed '®®Er nucleus suggested
that a small 0(6) perturbation to the SU(3) Hamiltonian could
possibly account for the observed features exhibited by

deformed nuclei.

A very interesting feature about .!%°Dy is the number
of nucleons present. The proton number (Z=66) is exactly mid-
way between the shell closure at 50 and 82 resulting in a
neutron number (N) of 94. In context of a recently discovered
subshell closure at Z=64 ®7, the work of Casten et al. %% on
Ba-Gd isotopes conclude that this proton closure effect will
vanish for nuclei having neutron number more than 88. The
subsequent use of "hybrid parameters", referring to a Z=6}
shell for N<88 and Z=82 shell for N>90, in the interacting
boson approximation enabled Gill et al. °° to reproduce the

behaviour of energy ratio E4+/E2+. However, detailed quanti-
1 1

tative agreement was not found for nuclei with N>90 in parti-
cular '?%Ba_ , suggesting that the Z=64 subshell effect was
still effective. This has led Ibrahim and Stewart °° to

suggest a retarded dissipation of this shell gap to occur in

160

esD¥g, nucleus.

The energy levels of !'®°Dy can be populated either
by B~ decay of '¢°Tb or Ec/p”t decay of '®%°Ho. Hence, previous
workers have used both modes to establish the level scheme of
160py, Other possible reactions like (d,d”) °! and (p,t) °2
are rarely employed.

In the present work, the decay mode chosen was
through B~ decay of !®°Tb. The long half-life (70 days) of
1607 enable large amount of data to be collected. Furthermore
the radioactive 6°Tb can be easily prepared through (n,y)
reaction using !®°Tb metal. The B~ decay was first studied by
Burson et -al.%3’°* and Cork et al. °°. Later several techni-
ques such as y;y correlation, B-y coincidence and nuclear
orientation were applied to study the decay in greater depth.
Typical examples of y-y directional correlation and B-y
coincidence works were those of Nathan 7!, Ofer 72 Reddy et al.®®
and Jaklevic et al. ®7. The first nuclear orientation work

was that of Johnson et al. °® and Postma et al. °°. The
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technique has been improved recently by Krane ®°., Among

these techniques the one that really concernsus is the y-y
coincidence studies which enable a level scheme of !€°Dy
nucleus to be constructed. Experimentally, there still existed
several discrepancies with regard to the observed energies and

their intensities, and also the placement of levels.

The earliest comprehensive work on y-y coincidence
from '®°Tb decay was that of Jaklevic et al. °’. A 2mm depth
Ge(Li) detector and a 7.6 cm X 7.6 cm NaI(Tl) counter were
~used to detect the y-rays emitted. A total of four energy
gates at 87, 197, 215 and 298 keV were taken to establish the
level scheme of '®°Dy.,” Only 20 out of 21 transitions observed
could be placed between 9 energy levels.

78 in his work using the curved

Ludington et al.
crystal and Ge(Li) spectrometer observed a total of 35 transi-
tions, 8 of which at 237, 242, 246, 349, 432, 1005, 1069 and
1300 keV are new. Another five additional transitions which
have been reported in only one or two works but were previously
unconfirmed in later works have been measured with energies
176°%1°0379%%100,861°°%  871'°Y and 1285'°° keV. The coinci-
dence results were able to establish three new levels of 1155,
1288 and 1535 keV.

Further work by Gunther et al. 75
thick Ge(Li) detector confirm the presence of 6 out of 8 new
transitions suggested by Ludington et al. 78, The two energies
which were not seen were 246 and 1005 keV. Instead another
five weak transitions at 320, 420, 658, 1299 and 1447 keV were

reported. Their intensities were not uniquely defined. From

employing 4mm

the coincidence measurement, employing 4mm Ge(Li) and 7.6cm X
7.6cm NaI(Tl) counter, no evidence was found for a proposed
level at 1288 7° keV.

The most recent work on the B~ decay of *¢°Tb was
- by Mc Adam and Otteson °°. Two Ge(Li) detectors were used in
the energy and intensity measurements. A total of 34 y-rays
were observed, one which at 1285 keV .is suggested to be new.
This transition was weakly observed by Ludington et al. 78 who
suggested that it results from the depopulation df 1286 (37)
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keV level to the ground state. From the coincidence studies
conducted by a 4cm planar Ge(Li) and a 3% ¥ 3’ NaI(T1) counter
enable Mc Adam and Otteson °° to suggest a new level at 1285
keV with spin/parity 1. The newly observed transition at
1285 keV is indeed resulting from the depopulation of this
level to the ground state.

The controversies pertaining to this '®°Dy nucleus
do not only apply to energies, relative intensities and level
scheme but also to the measurement of the lifetime for the
first excited state. Further experimental work was needed to
clarify the level properties of '®°Dy in order to give relia-
ble information which could result in a more satisfactory
theoretical explanation of the nucleus; in particular fuller
IBM tests.

L.2 Single spectra.

_ The radioactive source was prepared by a neutron
capture Tb'®° (n,y) Tb'®? reaction at the University of London
Reactor Centre (ULRC). The target material is in the form of
metal with 99,999% purity. An amount of 3 mg were irradiated
in a neutron flux of 10'2 n/sec/cm? for 7 hours to obtain 10
uCi of "1¢°Th, The source was left for a week to enable the

background radiation to decay.

Two detectors were used to measure the single spectra.
The 12% efficient coaxial Ge(Li) detector was used to measure
the gamma rays covering an energy range of 80 to 1600 keV.
The source was placed at 25cm from the detector and the spec-
trum was collected using a 4096 channels MCA.

The 5ther detector used was an intrinsic Ge. It
covers the lower,energy région up to a maximum of 350 keV.
Hence the combination of these two measurements provide an
overlap for energy region between 80 to 350 keV which gives
a good cross-check to be made of the measured gamma ray

energies and relative intensities.

Figure (4.1) shows the gamma ray singles spectrum
following the beta decay of *®°Tb .



Table (4.1).

Energies (keV) 'and relative intensities IY

89

the decay of !'6°Tb,

in

Energy Intensities normalised Iy(879keV)=30.0
(keV) Present Ref: 78 Ref: 7° Ref: 89
86.76(06) 13.6 (3) 13.7 (20) 14.0 (6) 13.0 (7)
93,95(03) 0.045 (13) 0.067(10) 0.054(4)
112.24(17) 0.004 (1)
148.64(19) 0.006 (1)
176.24(19) 0.005 (1) 0.005(1) :
197.05(03) 5.37 (30) 5.22 (29) 5.16 (9) 5.22 (25)
215.64(02) 3.99 (18) 3.93 (22)  3.91 (9) ~ 4.00 (20)
230.62(04) 0.089 (4) 0.071(7) 0.062(9) 0.082(6)
237.71(06) 0.010 (1) 0.007(3) 0.012(8)
242.42(02) 0.026 (6) 0.004(3) 0.021(8)
246.37(14) 0.019 (4) 0.018(4) 0.026(3)
298.53(01) 27.55 (125) =27.1 (16) 27.0 (7) 27.3 (14)
309.52(02) 0.957 (38)  0.90 (4) 0.82 (3) 0.918(47)
320.54(19) 0.009 (4) <0.02"
337.35(04)  0.387 (14) 0.33 (3) 0.34 (3) 0.355(21)
349.94(18) 0.019 (2) 0.014(3) 0.018(6)
379.30(03) 0.020 (3) 0.014(4) 0.017(6)
392.46(04) 1.46 (6) 1.36 (5) 1.36 (6) 1.40 (7)
432.55(04) 0.023 (9) 0.013(4) 0.024(5)
454.96(36) 0.007 (4) -
485.99(21) 0.102 (22) 0.080(7) 0.096(15) 0.088(5)
518.84(22) 0.003 (1)
574.32(07) 0.028 (5)
621.75(45) 0.018 (9)
682.38(06)  0.621 (23) 0.545(50) 0.537(30) 0.617(31)
704.35(29) 0.012 (6)
707.44(30) 0.018 (7)
728.09(05) 0.025 (3)
765.28(06) 2.10 (7) 2.03 (18) 1.93 (5) 2.16 (11)
872.01(03)  0.207 (46) 0.174(35)  0.285(39)  0.207(14)
879.36(03) 30.0 30.0 30.0 (5) 30.0 (15)
962.46(05) 10.03 (43) 10.2 (7) 10.6 (5) 9.42 (49)
966.15(04) 25.94 (92) 24.7 (15) 25.5 (5) 24.8 (12)
1002.95(04)  0.94 (92) 0.98 (5) 1.01 (7) 1.02 (5)
1069.00(04) 0.102 (5) 0.076(8) 0.113(9) 0.104(10)
1102.63(05 0.529 (21) 0.50 (3) 0.561(30) 0.557(28)
1115.13(05) 1.52 (6) 1.50 (9) 1.52 (5) 1.48 (8)
1143.35(27) 0.008 (2) .
1177.91(06) 15.3  (6) 14.8 ..(5) . 15.7 (4) 15.0 (8)
1199.81(05)  2.23 (11) 2.24 (9) 2.48 (7) 2.37 (12)
1251.17(06)  0.095 (5) 0.094(8) 0.096(9) 0.10 (8)
1271.82(05) 7.72 (23) 7.4 (2) 7.81 (30)  7.48 (38)
1285.58(07)  0.013 (2) 0.011(3) ' 0.015(2)
1299.13(23)  0.0043(15) 0.005(3) 0.006(4)

continued —
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Energy Intensities normalised IY(879keV)=30.O

(keV) Present Ref: 78 Ref: 7° Ref: B8°
1311.93(05) 2.85 (14) 2.79 (17) 3.00 (12) 2.87 (15)
1338.13(17) 0.005 (2)
1349.30(19) 0.005 (2)
1420.42(19) 0.006 (1)
1448.36(19) 0.005 (1)
1507.58(19) 0.003 (1)
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The energies of all the gamma ray observed were
listed in Table (4.1). The relative intensities were shown
in comparison with previous workers Ludington et al. 78,

Mc Adams °° and Keller 7°. The energies and relative intensi-
ties for gamma rays less than 350 keV were taken from the mean
of Ge(Li) and Ge(I) detectors measurements.

A total of fifty gamma rays were observed; ten of
which were seen for the first time from " *®°Tb decay. Another
four transitions (628, 704, 707, 728 keV) were also observed
for the first time in this decay but have been seen previously
102 prom EC/BY decay of “169Ho.

L.3 Coincidence measurement.

Two coaxial Ge(Li) détectbrs were used to collect
the y-y coincidence data. They were arranged at 90° geometry
in order to minimise the backscattering effect. The 12%
efficient detector was used for the total spectrum while the
10% detector was used for the gating. The data were acquired
for three weeks on three magnetic tapes through the WRITE
mode of the DPDCS. '

A total of six gates at; 87, 197, 215, 309, 879 and
(962 + 966) keV were taken. Apart from their high intensities,

these energy gates were chosen because of their special reasons.

The first excited state in the '%°Dy nucleus is at
87 keV. Thus we expect most of the transitions from higher
'states will either populate directly or in‘cascade with this
level. Hence, the 87 keV gate is very important in construc-

ting the level scheme of this nucleus.

The 197 keV gate was taken to confirm the presence
of a level at 1288 keV observed by Ludington 19 . This sugges-
tion, based on a strohg coincideﬁfe of 246 keV transition with
197 keV gate, was never observedpthe subsequent works of

Keller ’° Mc Adams °°.

The need for the 215 keV gate was to search for the
possibility of higher energy levels since it depopulates the
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1264 keV. The gate at 309 keV was chosen in order to

establish and confirm a level at 1507 keV. The energy which
depopulates this level and is in cascade with the 309 keV tran-
sition is the energy transition at 148 keV. Henccxgxpect a
strong coincidence to exist between the 148 keV transition and
the 309 keV gate. |

A wider gate at (962 + 966) keV was taken since these
two intense peaks lying close to one another could not be sepa-
rated. In order to identify the peaks which are in coincidence
with either 962 or 966 keV energy gate,another energy gate at
879 keV was taken. The energy transitions at 879 and 966 keV
depopulates the common level at 966 keV. Thus,the populating
energy transitions to this common level are expected to be in
coincidence with both the gates; 879 and (962 + 966) keV. By
‘comparing the two coincidence results and through the process
of elimination the energies which are in coincidence with either
962 or 966 keV gate can be deduced.

The coincidence spectrum for the six gates are shown
in Figures: 4.2, 4.3, 4ed, 4.5, 4.6, 4.7.

The summary of the coincidence results are shown
Table: 4.2. The energy gates are listed at the top while the
entries VS(Very Strong), S(Strong) and W(Weak) refer to the
strength of the coincidence. These results were used to build
- the decay scheme of '°°Dy. Most of the energy transitions
observed in the decay of '®°Tb are in coincidence with the
gates listed. The transitions which are not in coincidence
with any of the gates are eifher transitions which directly
go to the ground state or transitions which are too weak to

be seen in the coincidence spectra.

L., Lifetime of the 87 keV level.

The lifetime of the first excited state (87 keV
level) in '®°Dy has been measured by several workers with vary-
ing degree of accuracy. The work of Fossan and Herskind 93
using plastic-plastic counters combination obtain a value of
1.92i0{05 nsec. A slightly higher value was obtained by Abou-
Leila et al.'%"* who used a 2.54cm X 2.54cm plastic counter
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Table (4.2).
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Summary of y-y coincidence in !®°Dy,

Transition

(keV)

Gate (keV)

86 197

309

879

9621966

86
93
112
148
176
197
215
230
237
242
246
298
309
320
337
349
379
392
432
485
518
621
682
704
728
765
872
879
962
1002
1069
1102
1143
1115
1177
1199
. 1251
1271
1299
1311
1420
1448

VS

== =TS0

w0
<3
921

sSsun=ss nn =Zn=nns=

VS

==
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Figure (4.8) . Lifetime spectrum of the 87 keV level.
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with magnetic double lens spectrometer. The value obtained
was 1.97+0.04 nsec. The most recent measurement by Ismail
et al.!°5 obtained a value of 2.19:0.08 nsec.

In the present work, the lifetime of the 87 keV
level was measured by a method of delayed coincidence. A plas-
tic scintillation counter and a 10% efficient Ge(Li) detector
were used. The detectors were arranged at 180° geometry and
a complete set up of the spectrometer is shown in Fig:(3.4)
together with the dual parameter data collection system. The
function of the electronics has been previously discussed in
section (3.4). The fast timing Spectrﬁm was gated by the 87
keV y-ray which depopulates the 87 keV level to the ground sta-
te.

Fig:(4.8) shows the lifetime spectrum of the first
excited state in *®°Dy. A slope method was used to calculate
the 1ifetime and the value obtained is 1.98+0.04 nsec.

The value obtained is consistent with that of Ref:103

--and Ref:'%*, . The value quoted in Ref:!°% is higher than that

obtained in the present work.

L.5 Decay scheme and Level properties.

The decay scheme of the '®°Dy nucleus established
from the results of coincidence and energy sum relations
(Table: 4.3) is shown in Fig. 4.9. The level energy (keV),
branching ratios, log ft values, spins and parities are given
on the left of the figure. The number at the base of the
arrow indicates the energy of the transition in keV. The
transitions marked by dagger'(T) indicate two placements and
the one marked by aSterisk (*) refer to transition suggested

as a result of coincidence measurements.

Table: 4., shows the Branching Ratios (B.R's), the
log ft values for the B~ decay of '®°Tb and the deduced spins
and parities. The B.R's were computed from the total intensity
balance between the decay and feeding y-rays for each level.
The_ldg ft values were calculated according to the relations
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Table (4.3). Sum energy relations in !'€°Dy,

Energy of transition(keV) Energy sum(keV) Energy level(keV)
86.76 86.76 86.76
86.76+ 197.06 283.82 283.82
86.76+ 197.06+ 682.38 966.20
86.76+ 879.37 966.13 966.16

966.15 966.15

86.76+ 197.06+ 765.28 1049.10

86,76+ 962.46 1049.22 1049.16
86.76+ 197.06+ 872.01 1155.83

86.76+1069.01 1155.77 1155.80
86.76+1143.35 1230.11 1230.11
86.76+ 197.06+ 765.28+215.65 1264.75

86.76+ 197.06+ 682.38+298.53 1264.73 1264.72 -
86.76+1177.92 1264.68

1285.58 1285.58 1285.58
-86.76+ 197.06+ 765.28+237.71 1286.81
86.76+ 197.06+ 682.38+320.5/ 1286.74

.86.76+ 197.06+1002.95 1286.77 1286.72
86.76+1199.81 1286.57
86.76+ 197.06+(1005) 1288.82 1288.82

1338.13 1338.13 1338.13

1349.30 1349.30 1349.30
86.76+ 197.06+ 765.28+ 93,95 1358.70
86.76+ 197.06+ 765.28+309.52 1358.62 1358.64
86.76+ 197.06+ 682.38+392.46 1358.,66
86.76+1271.83 1358.59
86.76+ 197.06+ 872.01+230.62 1386.45
86.76+ 197.06+ 765.28+337.35 1386.45
86.76+ 197.06+1102.63 1386.45 - 1386.31
'86.76+1299.13 1385.89 '

—— continued —.
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Energy of transition(keV)

Energy sum(keV)

Energy level(keV)

112.34+41285.58
86.76+ 197.06+ 872.01+242.42
86.76+ 197.06+ 765,28+349.94
86.76+ 197.06+ 682.38+432.55
86.76+ 197.06+1115.13
86.76+1311.93

86.76+ 197.06+ 765.28+215.65
+ 93.95+ 148.64
86.76+1420.42
1507.58 '

86.76+ 197.06+ 765.28+215.65
+  93.95+ 176.2/

86.76+ 197.06+(1005) +246.37

86.76+ 197.06+ 872.01+379.30

86.76+ 197.06+ 765.28+485.99

86.76+ 197.06+1251.17

86.76+1448.36

86.76+ 197.06+ 765.28+621.75
86.76+ 197.06+ 682.38+704.35

86.76+ 197.06+ 682.38+728.09

86.76+1143.35+ 574.32
1349.30+ 454.96
1285.58+ 518.84

1397.92
1398.25
1399.04
1398.75
1398.95
1398.69

1507.34
1507.18
1507.58

1534.94
1535.19
1535.13
1535.09
1534.99
1535.12

1670.85
1670.55

1694.29

1804.43
1804.26
1804.42

1398.60

1507.37

1535.08

1670.70

1694.29

1804.37




Table (4.4).

Summary of the
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level properties in '®°Dy.

Energy level E I IY B.R.% logft  Deduced J

(keV) (keV) (pop) (depop)

87 1752 74.24 74.58 0.34 12.1 2

283 1555 6.016 6.545 0.51 11.8 4

966 872 29.558 56.561 26.8 9.0 2
1049 789 5.624 12.13 6.45 9.42 3
1155 682 0.135 0.309 0.17 10.76 4
1230 608  0.028 0.008 - - 0,2
1264 574 0.176 47.475 46.99 8.18 2
1285 553 0.0045 0.0259 0.021 11.40 1
1286 552 0.0043 3.178 3.15 9.23 3
1288 549 0.019 - - - 5
1338 498 - 0.0048 0.0047 11.82 1,2
1349 4,89 0.0074 0.005 - - 0,2
1358 479 0.011 © 10.34 10.25 8.44 2
1386 452 - 1.01 0.99 9.4 4
1398 439 - 4.35 4.3 8.7 3
1507 331 = 0.0142 0.14 10.71 2
1535 303 - 0.26 0.25 9.41 4
1670 168 - 0.030 0.029 9.46 . 2,3,4
1694 145 - 0.026 0.025 9.25 2,3,4
1804 34 - 0.037 0.036 6.71 2,3,4
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given by Moskowskil®®’!°7 the end point energies of the B~
decay were calculated using the given Qg- value of 1.838 Mey108
for '®°Tb. The spins/parities were deduced according to the

B~ decay selection rules. The results for B.R's and log ft
values obtained in the present work were comparable to that

compiled by Tulil®2,

The spin/parity of the ground state of the !'®°Tb is
3" and therefore the B~ decay will primarily populate levels
with spins/parities of 21,3i or 41. Thus levels with spins/
parities ot or 5+ can only exist through y-ray population
since B~ decay to these levels will violate the B~ decay sel-

ection rules.

The total intensity of the y-ray feeding the 1230 keV
level is greater than the depopulating intensity. According
to the intensity balance this level will thus have no branching
ratio and therefore there is no direct B~ feeding. This obser-
vation exclude the spins 2,3 or 4 assignmeht to this level.
The spin/parity ot assignment is more appropriate and hence
consistent with B~ decay selection rules. The zero B.R.
obtained for the 1288 keV level confirms the spin/parity of st
“ while a small B.R. of 0.005 (log ft = 11.82) deduced for a
new level at 1338 keV is consistent with spin/parity assignment
of 1. The log ft value of 10.71 obtained for another new
level at 1507 keV suggests a spin/parity of 2+.

Table (4.5) shows the comparison of experimental and
theoretical k-shell conversion coefficientg (uk) for the y-ray
transitions from the B~ decay of '°°Tb. The experimental o
values were computed using equation (1.16). The B~ electron
intensities were taken from the work of Ewan et al.l®® while
the relative intensities of the y-transitions were taken from
singles measurements reported in Table:(4.1). The multipola-
rity for each of the transitions was deduced by comparing the
experimental a, value obtained with the theoretical @y value
of Hager and Seltzer!!®. The multipolarities adopted for the
transitions are given 'in the last column of the Table.(4.5).
The results clearly indicate that with the exception of the

93 keV transition all the transitions observed are of pure E2
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Table (4.5). The comparison of experimental and theoretical

ak—conversion coefficients.

Energy I, I, @, X10-° Adopted
(keV) -Exp Theoretical . nultipolarity
E1l E2 M1
86 2 0 1691(151) 370 1600 3000 E2
93 2 2 1777(678) 315 1250 2450 M1/E2
1196 L 2 154(12) L6 165 298 E2
15 2 3 34(3) 35 130 235 El
298 2 .2 13.5 (8) 15 49 100 El
309 2 3 .12.0 (7) 13.8 45 91 El
337 4 -3 9.3 (8) 10.8 35.5 72 E1l
486 4 3 bed (23) 4.7 13.8 29.5  El1
1392 2 2 7.8 (6) 7.8 23.7 47.5 El
682 2 4 5.6 (4) 2.3 5.9 12.0 E2
765 3 4 4.81(25) 1.8 4e5 9.2 E2
879 2 .2 3.36(12) 1.42 3.35 6.3 E2
962. 3 2 2.77(12) 1.18 2,80 4.98  E2
966 2 0 2.73(11) 1.16 2.75 4.95 E2
1002 3 4 1.15(8) 1.08 2.56 4.50 E2
1115 3 4 0.99(5) 0.85 1.95 3.28 El
1177 22 0.80(5) 0.81 1.88 3.15 E1l
1199 3 2 0.83(6) 0.79 1.80 2.90 El
1271 2 2 0.71(4) 0.72 1.60 2.62 El
1311 3 2 0.78(5) 0.67  1.52 2.45  E1
112 3 3 < 179.3 190 943 - E2
320 3 2 <114.9 12.5 35 70 El
1285 1 0 < 49.5 0.65 - 1.6 2.5 E1
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and E1 characters. These observations are in fact consistent
with the results of a nuclear orientation works on B~ decay of
1697h by Krane®5 and Krane and Steffen!'!, The multipole mix-
ing ratios (§) for E2/M1 and E1/M2 transitions were found to be
small. The only appreciable admixtures of M2 were found for .the
two transitions at 1177 and 1271 keV. '

In the case of the 93 keV transition,the present re-
sult shows that there exists an E2/M1 admixture. This obser-
vation contradicts the results of Refs:?2’°7'112, Their cal-
culations suggested an M1 character for the 93 keV transition.
On the other hand the result of Ref:’® establish the multipo-
larity of E2 for this transition. . |

It is important to note that the multipolarities of

the three transitions at 112,320 and 1285 keV were deduced
from the spins/parities of the levels which connect them and
not from the results of experimental @y values. The main reason
for this is that the eonversion electron intensities for these
three transitions were not uniquely defined. Only the upper
limits were given and therefore the possible multipolarities
can take any characters. The 112 keV transition is suggested
~ (see later) to decay from the level at 1398 (37) to that at
:'1285 (17) keV. The difference in the 'spins allows an angular
momentum of either 2,3 or 4 to be carried off by the 112 keV
Y-ray. Furthermore there is no ‘change in the parity between-
the two levels. This suggests that the most probable multi-
polarity for the 112 keV would be E2. The experimental ay
value obtained for this transition was < 0.079 compared to

the theoretical oy of 0.943 for:an E2 transition. For the case
of 320 keV transition,the initial and final levels connecting
transition are 1286 (3 ) and 966(2 ) keV respectively. Again
from the spin's difference the possible value of the angular
momentum could either'Be 1,2,3,4 or 5. The change in parity
between the initial . and final levels allows an assignment of
either E1 or M2 multipolarity for the 320 keV transition. The
k(experlmental) value of < 0.1149 confirms the multipolarity
El. The theoretical @y value for an El transition is 0.0125
well below than the value 0.1149. The transition at 1285 keV
connects the 1285 (1) kev level with the ground state O Thus
the only possible angular momentum that could be carried off
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by the 1285 keV y-ray is 1. There is also a change in parity
between the initial and final levels and therefore the most
probable multipolarity for the transition 1285 keV is El. The
experimental ay value is < 0.0495 while the theoretical ay
value is 0.00065.

The results concerning the well established levels
are consistent with the latest work on '%°Tb decay ®°. The

levels include 87 (21), 283 (4%), 966 2%y, 1049 (3%), 1155 (4T),

1264 (2%), 1286 (37), 1358 (27), 1386 (47), 1398 (37) and

1535 (4~) keV. The establishment of these levels were confir-
med from the coincidence results. Their respective spins/pari-
ties were deduced from the adopted multipolarities of the depo-
pulating transitions. For example a strong coincidence of the
197 keV transition with the 87 keV gate confirms a level at

283 keV. The E2 character deduced for the 197 keV transition’
suggests a 4t spin/parity for the 283 keV level which is
further confirmed by a log ft value of 11.80.

In the reméinder of this section the present results
pertaining to new transitions and levels will be discussed
- together with points regarding the discrepancies with previous
- workers, in particular the observation of transitions.

The results of the singles measurements confirm the
presence of two of the five transition energies reported earl-
ier 75, The energies are 320 and 1447 keV. Their relative
intensities are now uniquely defined at 0.009 and 0.005
respectively. These intensities are normalised to 30.0 for
the 879 keV transition. The measurement by.Gunther et al.
could not define the intensities of these two transitions.
Instead, the upper limits were suggested at 0.02 for both the

75

transitions. These two transitions were not seen by any other

workers who worked after Gunther et al.

The energy transition at 1285 keV,.which was reported

for the first time by McAdam and Otteson %%, was also seen in

the singles measurements.

A total of four energies at 621, 704, 707 and 728 keV

S
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were seen to exist for the first time in the B~ decay of !®°Tb,

These energies were initially observed in the EC/B+ decay of

160H,,

In the EC/BY decay of '$°Ho the transition at 1199
keV which also exists in !®°Tb decay is considered to be a
doublet.!!®, 'One component deexcites from the level at 1286
keV while another component arises from the deexcitation of
the 1285 keV level. The intensity ratio of the transition
1199 to 1285 keV was deduced to be 0.78. Assuming that this
intensity ratio is also true in the case of B~ decay of 6°Tb.
From the relative intensity of 0.013 for the 1285 keV y-ray
then the intensity of the 1199 keV transition resulting from
the deexcitation of the 1285 keV level sould.be 0.011 %. Thus
most of the 1199 keV peak observed in the B~ decay of '6°Thb
arise from the deexcitation of the 1286 keV level.

The transition at 1005 keV as suggested by Ludington
et al. 7® has not been seen in the present single measurement.
The reason for this is that there exists an intense peak at
1003 keV which would mask the presence of a weaker peak like
the 1005 keV.

The present coincidence work were able to confirm
the suggested levels at 1285 8° and 1288 keV 7®. The former
level was confirmed by the presence of a y-ray transition at
1285 keV, which connects this level with the ground state
level. The log ft value of 11.40 -obtained for this level is
~consistent with a spin/parity assignment of 1. A strong coin-

cidence of the 246 keV transition with the 197 keV gate supports

and confirms. the level at 1288 keV. Furthermore it supports the
presence of an energy transition at 1005 keV which connects

this 1288 keV level with the level at 283 keV. As was mentioned

above, this weak 1005 keV transition was not seen in singles.
The upper limit for the .relative ‘intensity of this transition

could be deduced by assuming.a zero B.R. to.the 1288 keV level.

This assumption is important in order to be consistent with

the,5+ spin/parity assignment to this level. The only observed

‘transition which populates this level is the transition at
26 keV with a relative intensity 0.019. Apart from the 1005
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keV there are no other y-rays seen to depopulate this level.

Hence for the required populating total intensity to be greater

or equal to the depopulating intensity of the 1288 keV level,
the maximum intensity that the transition 1005 keV can have is
0.019. This value of relative intensity is considered to be
weak compared to 0.94 of the 1003 keV transition.

There are three energy levels, which were observed
in the EC/8% decay of !'%%Ho (Ref: !'*), considered to be popu-
lated for the first time in the B~ decay of !®°Tb. These
levels are 1670, 1694 and 1824 keV

The 1670 keV level is established from the coincid-

ence of 704 keV transition with two gates; 879 and (962 + 966)
keV. These two coincidences suggested that the 704 keV transi-
tion.is in direct cascade with transitions 879 and 966 keV.

The coincidence of the 621 keV transition with gate (962 + 966)
keV but not with 879 keV gate clearly shows that 621 keV tran-
sition is in direct cascade with 962 keV transition. Since

962 keV.transition depopulates the 1049 keV level therefore
summing up 621 and 1049 keV results in 1670 keV. This confirms
the presence of 1670 keV level. From the fact that this level
populates the 21 (966 keV) and 3% (1049 keV) levels, the possi-
ble spin would be 2, 3 or 4. The log ft value of 9.46 obtained
for this level suggests a spin/parity of 2%, This assignment

confirms the suggestion by Tuli !°2,

The level at 1694.keV_is established. from the coin-
cidence of the 728 keV line with two gates, one at 879 keV
and the other at (962 + 966) keV. The log ft value of 9.25
obtained for this level suggested the possibility of spin/
parity 4%.

The level at 1804 keV. is suggested from the energy,
sum relation of a new transition at 518 keV with the level at
1285 keV. Since the level at 1285 keV has a spin/parity of
17, thus the most probable spin parity assignment to the
180/ keV level would be 2+, Two other transitions which were
seen to depopulate this level are 454 and 574 keV. The former
populates the 2% 1evel at 1349 keV while the latter transition
- populates the Of’level at 1230,kéV. These two observations
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further support the 2+ spin/parity assignment to the 1804 keV
level.

Another level which is observed to be populated for
the first time in '®°Tb decay is the 1349 keV level. This
level was weakly observed in the Coulomb excitation work of

115 yho assigned a spin parity of 2. From

McGowan and Milner
the singles measurement a weak energy transition at 1349 keV
was observed. Thus it is suggested that this transition is

- the result of the depopulation of the 1349 keV level to the
ground state. The presence of this level is further supported
by the observation of another new transition at 454 keV which
could be energetically placed between this 1349 keV level and
the level at 1804 keV. The zero B.R. obtained for this level
suggest the possibility of spin/parity of either 0% or 5.

The observed direct decay to the ground state exclude these
two>possibilities since there is no y-transition from O+ state
to another 07 state and the transition from 5+ state to a 0F
state is highly forbidden. The latter transition results in

a change of 5 angular momentum which is not very likely to ‘occur.

Hence the most possible spin/parity assignments are either 1~
or 2+. The assignment of 27 is consistent with the work of

MeGowan and Milner 115,

The transition at 320 keV was observed to be in
coincidence with the 879 and (962 + 966) keV gates. From an
energy sum relation, this transition is suggested to connect
the levels at 1286 and 966 keV. The transition observed at
1448 keV is too weak to be seen in the coincidence spectrum
of 87 keV gate.v The results of energy sum relations, suggest
that this energy transition could be placed between the
levels at 1535 and 87 keV. The placements of these transitionms,
320 and 1448 keV, are consistent with the suggestion of
Gunther et al. 7°. Another new transition at 112 keV is sugg-
ested to depopulate the level at 1398 keV to the level at.1285
keV. This is based on the.energy sum relation and a weak
coincidence of the 112 keV transition with the 197 keV gate.

The present work has resulted in three new levels
being suggested. The levels are 1230, 1338 and 1507 keV.
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The level at 1230 is suggested as a consequence of
observing two new y-ray transitions with energies 1143 and 574
keV. The weak coincidence of the 1143 keV transition with the
87 keV gate supports the suggestion of this new level. The
transition 574 keV is suggested to be the result from the decay
of 1804 keV level to this new level. The zero B.R. suggests
that a 0+'spin/parity assignment is most reasonable since this
will conform with B~ decay selection rule. This is further
supported by the non-observation of a direct y-ray to the
' ground state, which is highly forbidden.

' The level at 1338 keV was suggested due to an obser-
vation of a gamma ray at 1338 keV. This transition is neither
in coincidence with 86 keV gate nor with the 197 keV gate.
Thus, since the Qg- for 1607h is 1.838 MeV, therefore it is
reasonable to assume that this transition resulted from the
depopulation of a level at 1338 keV to the ground state. The
log ft value for this level was calculated to be 11.82 which

is consistent with spin/parity assignment of 17.

Another new level at 1507 keV has been observed. j
A strong coincidence of a new transition at 148 keV with the i
309 keV gate has led for its establishment. This is further
supported by the observation of two new Y—réy transitions at
1420 and 1507 keV. The energy at 1420 keV could be placed bet-
ween this new level and the 87 keV first excited state level
while the transition 1507 keV arises from the depopulation of
this level to the ground state. The direct decay to the ground
state and the existence of a transition from this level to a |
1~ state level at 1358 keV. suggests that the most reasonable i
spin/parity assignment would be 2+, The log ft value of 10.71 i
supports this'assignment.

4.6 Djscussion.

This section will be divided into two subsections in
which the positive and negative parity states will be separately
treated. At the beginning of each subsection nuclear models ’
suitable for a description of the nuclear properties of the
energy level states are discussed. The states are grouped into ;

various bands specified by a K-quantum number. In each of these
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bands, the predictions of energy levels and transition probabi-
lities are compared with experimental values. The results
obtained by different models are highlighted in order to empha-
size the importance of alternative approaches in describing

these states.

4.6.1 Positive parity states.

The '®°Dy nucleus having an energy ratio E4+/E2f
. J ;
equal to 3.03 (near the rotational limit of 3.13) is consid-

ered to be a deformed nucleus. The low energy properties thus
could be described by the collective model of Bohr and Mottel-
son 28, 1Inherent in the model is the approximate decoupling
of rotation and vibration, which constitute an adiabatic
condition. This implies. that the energy spectrum will be that
of equation (2.9). The deviations observed for the positive
parity states from a'simple rotational energy dependence are
attributed to non-adiabatic effects such as vibrational coup-
ling or intrinsic motion. The best and the most sensitive
indicator to test the validity of the adiabatic condition is
the gamma ray branching ratios for transitions from a given
ctate in one band to states in another band. Even a slight
mixing of bands, resulting from a partial breakdown of the
adiabatic condition, can have an appreciable effect on the
transition probabilities '!®. As a result, the reduced tran-
sition probability between pure K-bands is multiplied by a

correction factor f(gz, I, If). Thus,

B(E2; I; + Ip) = B(E2; I; + I.),f(z, I;, I,)
(4.1)

The reduced transition probability B(E2;'Ii - If)o for the
adiabatic condition is proportional to the Clebsch-Gordon
coefficient ®?. The quantity z is a general mixing parameter.
Specifically, if ZY represents the mixing parameter between

Y and GSB, and ZBY refers to ﬁhe parameter for the mixing bet-
ween Yy and B-bands, then the correction factors for reduced
transition probabilities between the states in y-band to the
 states in GSB are as given in Table (4.6) for different I,

‘and If.
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Table (4.6). The correction factor fy(zy’ZBY;Ii’If) for
the transition probability between the gamma-

band and ground state band, with B-y coupling

included.
Initial state Final state fy(zy’ZBY;Ii’If)
K=2 K=0
I;= Ip=
-2 I 1+(2I+1)Z + 1I(I+ 2
I (1+( ) v ( l)ZBY)
I-1 I (1+(I+2)ZY)2
I 27 -1 I+1)z, )2
I (1 ZY /3 I( ) BY)
I+1 I (1-(I-1)ZY)2
I+2 I (1-(2I+1)zY + (I+1)(I+2)ZBY)2

Table (4.7). The parameters (MeV) obtained for fits to the

positive parity states.

Parameter ELL QQ PATR

Single shell Z=50-82 0.0205 -0.0223 0.0158
Subshell at Z=64 0.0127 -0.0461 0.0334%
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In the context of the IBM approach the most suitable
limit to describe the deformed nucleus of '®°Dy is the SU(3)
limit. As mentioned earlier (section 2.3) the Hamiltonian
which describes the positive parity states consists of the
second and third terms of equation (2.16). The inclusion of
the fourth pairing term is important to give the observed non-
degeneracy of y and B-bands. The program PHINT was used to
calculate the energy levels. The parameters QQ, and ELL were
initialised from the analytical energy equation (2.28). The
| parameter PAIR was estimated by taking the difference in
energy between the y-bandhead and B-bandhead and equated with
the first term of equation (2.46).

The total number of bosons in this nucleus is normally
taken to be 14. When considering the possible subshell closure
at Z=64 in this nucleus, the situation will be slightly diffe-
rent. The total number of bosons will now be truncated to 7,
but the Hamiltonian used is the same as for the normal shell
closure at Z=50 or 82, leading to a change in the values of the
three parameters. Experimentally, 12 positive parity states
have been observed, two of which are newly suggested. These
levels are classified into bands and discussed in the context
of the geometrical model and the IBM.

D)

*

Ground State Band (X" = 0

The GSB is formed from the 87(2%) and 283(4%) kev

levels, whose spins/parities are well established.

The parameters A and B for the rotational energy
spectrum of equation: (2.10) were computed !°2 to be 14.04 and
- =0.0097 keV respectively. The energy levels predicted are
shown in the second column of Table (4.8).

In the IBM calculations two cases were considered,
and the parameters obtained for either the normal (Z=50-82) or
the new proton (Z=64) shell closure are given in Table (4.7).
The table shows that the values of QQ and PAIR, which represent
the magnitude of ‘quadrupole-quadrupole interactions and pair-
ing forces respectively, are close to one another. For both
IBM(Z=50-82) and IBM(Z=64) considerations the PAIR value. is
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approximately 75% of the QQ value. A result which suggests

that there exists an appreciable competition between quadrupole-
quadrupole forces and pairing forces in '®°Dy. Thus it is
thought that this nucleus lies in the transitional region of
SU(3) + 0(6) but exhibiting more of an SU(3) character. The
corresponding energy levels calculated usihg the appropriate
parameters are as given in the fourth and fifth columns of

Table (4.8).

Figure (4.10) shows a schematic diagram for compar-
ing the experimental levels with theoretical predictions. The
two theoretical approaches are IBM(a) which refers to the
calculations performed using the normal Z=50-82 shell closure
and IBM(b) which assumes a subshell closure at Z=64. The spins
are shown on top of the level. The numbers in the parentheses |

are the SU(3) quantum numbers, A and u.

The predictions of both IBM(a) & (b) clearly show
the natural appearance of bands such as a GSB, a y-band and B-
band. The situation is rather different for.the rotor model
predictions. The position of bands are determined by Eo of
equation. (2.10) and has to be fixed for each individual band.
Fﬁrthermore, the parameters A and B vary;for different bands.
This suggest that the IBM could describe the levels much
better than the collective rotational model. Only one set of
parameters are needed to describe all the observed states.

Among the three predictions of Table (4.8), the
results of IBM(Z=64) give the best estimate of the two GSB
levels. The level fitting performed by'PHINT using the para-
meters of Table (4.7) yields a x2 value for Z=6, considerations
a factor of six lower than that for the normal shell closure
at Z=50 or 82. The energy of the 4+ level estimated on the
basis of the rotational model gives a value 7 keV lower than
the experimental value, while that predicted by the IBM(Z=64).
is 1.5 keV higher than the observed level. Even the IBM(Z=50/
82) prediction which is 1.8 keV lower is better than the rotor

prediction.

The absolute B(E2) value for the 2T +'OT transition

was calculated from the results of a liféﬁime measurement for
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the first excited state and the intensity of the 87 keV y-ray.
The formulae used in the calculation were discussed previously
(section 1.3). The value obtained was 110.33 e2b? and was
compared with IBM calculations. The program FBEM was used to
calculate the result of the T(E2) operator (equation 2.29)
acting on wavefunctions generated by PHINT. The three para-
meters previously determined are kept unchanged and the two
new parameters, E2SD and E2DD are altered to obtain the best
fit for the transition probabilities. Again, two cases are

' considered, the normal Z=50-82 closure and Z=64 subshell
closure. The parameters obtained for the two cases are shown
in Table: (4.9). The value of 0.142 (IBM Z=50-82) obtained
for the E2SD parameter is consistent with predictions made by
Warner and Casten 2. The E2SD values of the T(E2) operator
for deformed nuclei were estimated to range between 0.130 -
0.160. From the E2DD value of -0.135, this gives a ratio
E2DD/E2SD equals -0.950. For a nucleus near the SU(3) limit
this ratio is expected to be -2.958. Since the observed ratio
is rather far from the pure SU(3) value, further support is
given to the suggestion that '®°Dy lies in the SU(3) + 0(6)

transitional region.

Table: (4.10) show the comparison between experimen-
tal and theoretical absolute B(E2) values. The B(E2) value
for 2? + Of transition is well predicted by both IBM consider-
ations, with the overall fit somewhat better for the (Z=64)
consideration. The X2 value obtained is a factor of four
lower than that for the Z=50-82 consideration.

Gamma band (K7 = 27)

This band consists of 4 levels at 966(2%), 1049(3%),
1155(3%) and 1288(5%) keV. The level at 1288 keV was first
proposed by Ludington et al. 7% and was confirmed.in the coin-

cidence work. The zero B.R. established for this level supports

the spin/parity of.5+.

This band has been a matter of great interest among
earlier workers. These workers ’5» 77782 have been concerned

with the gamma-ray transition rates connecting the levels in
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Table (4.9). The parameters used in program FBEM to
calculate absolute B(E2) values (e?b?).

Parameter E2SD E2DD
Single shell Z=50-82 0.1420 -0.135
Subshell at Z=64 0.2490 -0.385

Table (4.10). Experimental absolute B(E2) values (e?b?)
compared with IBM calculations assuming
(2) a single 7Z=50-82 and
(b) a subshell closure at Z=64.

Transition - Exp IBM (a) IBM (b)
2,%—0," 110.33 ¢t 110.55 110.39
2,V—0,7 1.67 2.20 . 1.95
2, 2" 3.09 * 3.36 2.93
2, T—, 7t 0.222% 0.216 0.216

t Lifetime taken from present work.

% Lifetime averaged from Mc Gowan and Milner (1981) and .
Inamara et al. (1975).
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. Table (4.11). Band-mixing parameter zy(x103) from the measured

B(E2) ratios and comparison with other works.

(Uncertainties in the last significant figures

are shown in parentheses).

Level Transitions B(E2) ratios ZY X10-3
(keV) Exp Theoryt Present (Das.) . (Gun.)
R, — 0,
966 0.53(3) 0.70 47.8 (78) 56.5(67) 43.5(50)
2o —= 2 . '
2, — 01 o .
7.18(34) 13.9 37.8 (28) 37.5(41) 40.7(50)
22 — 4
2, — 2 .
13.56(136) 19.9  32.0 (53) 27.1(48) 39.8(66)
2 — 4
31 = 2
1049 1.52(8) 2.5 38.9 (44) 42.3(61) 43.4(35)
31 — 4 ' '
by — 23 '
1155 0.18(4) 0.34 42.76(76) 32.1(62)
by — k4
' , 75
(Das.) Dasmahpatra BK (1976)
(Gun.) Gunther et al. (1968) ©
t Calculated from adiabatic-symmetric rotor model.
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Band-mixing parameter Z

measured B(E2) ratios.

Y(X103) from the

(Uncertainties in the last significant

figures are given in parentheses).

Level Transitions BE(2) ratios ZBY X10-3
Exp Theoryt Present* Ref:
2, — 03
966 0.53(3) 0.70 -6.5(27)  -9.4(66)
2, — 2
2, — 0,
7.18(34) 13.19 -1.4(34) -6.9(82)
Ry —/ k1
22 = 21 13,58(136) 19.9 -3.1(35) -7.8(36)
2, — 41
42 — 2,
1155 , 0.18(4) 0.34 -1.3(18)  +4.4(33)
Lo — ha

* The values of Z

By

is calculated by assuming Zy=0.0389(44)
obtained from the ratio B(E2; 3:+2:1)/B(E2; 3:1%41).

+ Calculated from adiabatic-symmetric rotor model.
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Table (4.13). Experimental ratios of ft values for
the B transitions to the y-band of

160Dy in comparison with theory.

. — I K
- £ Present# Theoryt
1Ki — I%Kf
33 — 22
0.38 0.35
. 33 — 32
33 — 22
0.017 0.04
33 — 42
33 — 32 . ' ’
0.046 0.144
33 — 42

* These values are obtained using 26.80, 6.45 and 0.17
as the percentage of B~ feeding to the 2%, 3%.and 4%

levels of the gamma vibrational band.

+ Calculated from the relation

] 2
ft(IiKi — Ifo) _ <IiKiAAK|Ifo>

= "
£4(I;K; — IIK.) <I;K; MK[I Ke>

where <....|..> are the Clebsch-@ordoﬁ coefficients
and XA is the multipole order of the B transitions.

This has been assumed to be 1.
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this band with the levels in the GSB. These rates enabled
them to compute the coupling parameter ZY between the y-band
and GSB. The results between these workers were inconsistent

759 77 show

with one another. The calculations performed by
that the value of ZY can be described uniquely and the average
value obtained was 0.0419 * 0.0035. On the other hand, the
calculatlons of 73782 conclude that suchAunlque description

forAZf value is not possible.

In order to try to resolve this problem, the values
of Zy'have been evaluated from different B(E2) ratios. 1In
doing so all the transitions concerned are assumed to be of
pure E2 character. The various transition probability correc-
tion factors were taken from Table: (4.6). The parameter ZB
of the table was initially set to zero in calculating ZY.
The values of Z  obtained from the calculations are shown in
Table: (4.11). A comparison with other workers was also made
in this table. The deduction is that, within the experimental

uncertainties the ZY-values obtained could not be described

Y

uniquely.

These ancomalous values of ZY obtained, suggest the
possibility of the mixing with another low-lying positive
parity band. Such a band would be the beta-vibrational band

which has been observed in this region.

Assuming there is a coupling of y and B-bands, the
B(E2) ratios could be reanalysed to determine the mixing para-
meter ZB and see if a unique value or otherwise could be
obtained. The correction factors for the transition probabi-
lity are that of Table: (4.5). The difference now is that the
value of Z_ has to be fixed at a certain value. The most
reasonable value of ZY is the value obtained from the ratio

+
B(E2; 3] » 2]) .
of Table (4.11). The reason is that the 3

+ +
B(E2; 3] = 4))
state of the y-band does not find a similar state in the B-
vibrational band to mix with. From the results of Table' (4.12)
it can be concluded that the values of ZBY obtained are unique

within the experimental errors. Thus in the geometrical model
the B(E2) ratios for transitions connecting y-band and GSB in
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160Dy can be described by the second order mixing theory of

76, This conclusion is consistent with the SUggestion

82

Lipas
of Hamilton

The anomalous values observed for ZY Table (4.11)
suggest that the !®°Dy nucleus appears to be different from
strongly deformed nuclei, like 68Ey 117» 118s 119 qpsg
difference is further supported from the comparison of ft
ratios for '%°Dy with Alaga's rule. The ft ratios of the
transitions populating the gamma vibrational band of strongly

7% closely. It is

deformed nuclei are known to obey the rule
observed from Table:(4.13) that although the first ratio
agrees well with theory the other two differ significantly.

It may be argued that in view-of the strong mixing of the y-
vibrational band with GSB observed the analysis of the B(E2)
data, the ft ratios cannot be expected to agree with the
'theoretical values unless this mixing is taken into account.
The situation is different in the IBM predictions for the
B(E2) ratios from y-band levels to levels in the GSB. Firstly,
for transitions between different representations of SU(3)
these ratios are indépendent of the parametrisation chosen for
the E2 operator '2°, Secondly, despite the apparent existence
of K=0 and K=2 bands in the (2N-4, 2) representation of SU(3),
the structure of the IBA wavefunctions do not need the inclu-
sion of bandﬁiking as has been shown by geometrical model.
This is related to the fact that. the 'K=2' band contains a
small admixture of K=0 resulting from the transformation of
Vergados to Elliot basis !2!, The overlap amplitude <K=0|K=2>
of the K=0(B) in the K=2(y) band increases with a decrease in
boson number. This . explains why the consideration of Z=64
subshell closure gives better predictions since the boson
number has been reduced to half the original number (Refer

Table: 4.14).

The absolute B(E2) values for transitions 2 - 0
2 - 21 and 2 - 4 were deduced from the lifetime of the 966
(2 ) keV taken to be the average from McGowan and Milner and
Inamara et al. 22, The relative intensities of Table: 4.1
were used in the calculations. Comparison between the predic-
tions of IBM(Z=50/82) and IBM(Z=64) again reveal that latter
calculations are in better agreemgnt with experiments. The
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predictions for energy levels are shown in Table: (4.8).

B-band (K" = o).

This band consisted of two observed levels, one at
1230(07) keV and the other at 1349(2%) keV. The former level
is newly suggested while the latter was suggested by Ref.!!®
and confirmed in our work. The zero B.R. to the 1230 keV
level is consistent with spin/parity 0*. The IBM(Z=64) predic-
tion for this level gives very accurate result while the
prediction for 1349 keV is lower by 27 keV. The observed weak
B-g transition compared with (Y-g) transition is consistent

with the IBM prediction for deformed nueclei 1!'21,°

By-band (K" = 2%).

This band is proposed due to an observation of a
level at 1670 keV. This level, suggested to have spin/parity
2t was observed to decay only 2: and 3? states of the y-
vibrational band. Assuming that these transitions are pure
E2, the ratio B(E2; 2% + 2]) was calculated to be 0.35(25).

B(E2; 27 + 37)
The high percentage error in this ratio is attributed to the
errors in the relative intensities of the transitions. The
ratio estimated by IBM(Z=50/82) is 0.024 while that of IBM(Z=
64) is 0.042. Neither of these predictions are in agreement
with the experimental ratio. But if we were to take into
account the experimental error and then assume a minimum ratio
of 0.10, the most accurate prediction will be that of IBM(Z=64).
This level at 1670 keV is suggested.to be the bandhead of this
K™ = 2% band. The IBM(2=50/82) predicted this level at 2042
keV:while that of Z=6J consideration estimated it to be at
1826 keV.

BB-band (X" = oY).

| The level at 1804 keV with spin/parity 27 is sugges-
ted to be a member of this band. The transitions, 454 and 574
keV, to the B-band strongly suppbrt this suggestion. Furthér-
more the predicted B(E2) ratios in Table (4.14) are in agree-
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Experimental B(E2) ratios compared to the
calculation of IBM(Z=50/82) and IBM(Z=64).

B(E2) ratios

Initial level Final level Experiment IBM(Z=50/82) IBM(Z=64)
966 0 1. 1. 1.
87 ~1.85 (9) 1.54 1.64
283 0.136(7) 0.094 0.139
1049 87 1.52 (8) 2.29 1.66
283 1. 1. 1.
1155 87 0.18 (4) 0.29 0.26
283 1. 1. 1.
1670 966 0.35 (25) 0.024 0.042
1049 1. 1. 1.
1805 1230 1.15 (66) 1.91 0.76
1349 1. 1. 1.
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ment with experimental values. The IBM(Z=64) prediction is
within the experimental error while that of IBM(Z=50/82) is
slightly out of range. The level prediction by the normal
IBM(Z=50/82) placed this level at 1845 keV. Although this
estimate is in good agreement with the experimental level,
the IBM(Z=64) consideration gives better value. The latter
predicts the level at 1802 keV, only 2 keV below the experi-

mental level.

yy-band (X" = 4+).

The level at 1964 keV with spin/parity 4+ is sugges-
ted to be the bandhead of this band. The zero branching ratio
to GSB supports this assignment. It may. be argued thét this
member could be a 4% member of By-band (K" = 2+) with its
bandhead at 1670 keV. This possibility is overruled by the
fact that the difference in energy between this level and the
2% state at 1670 keV of By-band is only 24 keV. Tor a 4%
state level to be in the same ‘band as the 2+ state level, the
‘energy separation should be approximately 200 keV which is
similar to their energy separation in GSB. The assignmént of
4+ to level 1694 keV confirms the suggestion of Avotina et
, al.l?s. The IBM prediction with Z referred to 50 or 82 placed
this level at 1920 keV, too high by 226 keV. Interestingly,

a large discrepancy was also observed for the K=4 bandhead in
15%Gd by Van Isaacker et al. 2%, and was accounted for by
the inclusion of g bosons (J=4). The new prediction at 1776
keV reduces the difference to 82 keV and suggests that the
consideration of a subshell closure at Z=64 may provide an
alternative approach to the introduction of the J=4 degrees

of freedon.

' An'aﬁéiysis of the B(E2) values for the possible
transitions from the 1694 keV(4+) level on the basis of the
IBM shows that the strongest transition would be expected to
occur to the 2: level. Experimentally, only one transition
was observed to depopulate this level. The transition is the
JAR 2: transition. This suggests that the s-d boson space

alone is sufficieht to account for this level.
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Level 1507(2%) xev.

This is the only level which could not be described
by s-d boson space. As has been pointed out by Van Isaacker
et al. 2%, one consequence of a subshell closure at Z=64
would be the formation of a second low-lying J" = ot or 2+-state,
which is different from the collective J" = O+(s boson) and
J™ = 2%(d boson) states. Thus it is suggested that the level
- 1507 keV could be such a'possible intruder 2+ state, which
could be described as the result of a d’ boson. The intruder
states are normally found in the region of excitation energy
= 2 MeV.

L.6.2  Negative parity states.

The deviation from the leading order rotational
energy equation, for the negative parity states,‘may be accoun-
ted by the Coriolis coupling 28. This Coriolis force gives
rise to a coupling between bands with AK=1. This leads to
modification in the various matrix elements involving the
coupled bands. The wavefunctions of the states can be expanded
in terms of pure K states |IK> as; °®%

I

¥r=Z

I ap | IK > I  (4.2)

K=0
where the (normaliséd) expansidn coefficients U depend on the
intrinsic Coriolis element and the energy separation of the
intrinsic states !2°. The reduced transition probability for
the decay of the negative parity.states to positive parity
states is given by the expression®® :
B
. a LT ] , 2
B(E1; IiKi—+Ifo) § g {IiKilAKIIfo><Kf|M (El)IKi>

7i
i

. - , = P ,
..B(El, IiKi~ﬂIfo) § aKi<IiKi1AK|Ifo><Kf|g (El)lKi>

i

(4.3)

where <KfIM'(E1)1Ki> is the electric dipole matrix element

in the intrinsic coordinate system. The bracket <....|..> is
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the Clebsch-Gordon coefficient. Subscripts i and f refer to
the initial and final states respectively. For example Ii
indicates initial spin and Ki refers to the K-quantum number
of the initial spin. The notation AK .is the difference between
Ki and Kf.
In the context of IBM approach, to generate the
negative parity states an f(L" = 37) boson is coupled to the
~ s-d boson space. The total number of boson (N) now comprises
of the sum of all the three types of bosons, s, 4 and f, i.e.
N = ns+nd+nf. |
of these bosons, is the sum of three separate Hamiltonians,,

The Hamiltonian used to describe the coupling

H 4» Hp and Hy,, as given by equation (2.21). The Hamiltonian,
Hsd describes the coupling of s and d boson which gives rise

to the positive parity states. The parameters used in this
Hamiltonian are the same as the ones used previously to desc-
ribe_the positive parity states, namely the QQ, ELL and PAIR.
Hp is the Hamiltonian of an f-boson given by equation (2.22)
and de

between 4 and f bosons.

refers to equation (2.23) which describes the coupling

In the present work a total of eight negative parity
states were observed, one of which is newly suggested. These
states occur in pairs with spin/parity 17, 27, 37 and 4.

They -are grouped into three separate bands specified by K-
quantum numbers X" = 07, 17 and 27. Each of these bands are
separately treated whereby the level properties are discussed
in terms of Coriolis coupling theory and the IBM descriptions.

X" = 0" band.

The new level at 1338 keV is suggested to be the
bandhead of this band. The log ft value of 11.82 obtained for
this level is consistent with spin/parity 1 assignment. The
observed direct decay to ground state O+ further supports this

spin/parity suggestion.

The calculation of Soloviev 2 predicts this band
to start approximately at 1170 keV. This prediction is lower
by 168 keV than the observed experimental level. On the other
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B4

hand, the Coriolis coupling calculation of Ref: placed this

17 level at 1600 keV, too high by 262 keV.

In the IBM(Z=6) calculations, program PHINT diagona-
lised equation 2.21 to obtain the negative parity states. The
parameters obtained for the Hamiltonians, Hf and de, are shown
in Table:(4.15). The parameters for the.Hamiltonian HSd are
the same &S that obtained for the positive parity states in
the case of IBM(Z=64) [Refer Table:(4.7)].

Table (4.15). The parameters (MeV) obtained for fits to the
‘ negative parity states in the IBM(Z=64)

consideration.
Parameter HBAR3 ~ FELL FQQ
Subshell at Z=64 0.75 0.0177 - 0.0015

A positive value of FQQ indicate that the bandheads of the
bands with high value of K-quantum number are placed at lower
excitation energy compared to bandheads for bands with small
values of K. Specifically, the bandhead of K" = 27 band is i
lower than the bandhead of K" = 17. The parameter FELL deter-
mines the level spacings within each band. " The effect of the
parameter HBAR3 on the energy spectrum is to adjust the band-
head of each band either up or down in response to a change in
its numerical value. It behaves,similarbto the Eo parametef

for rotor energy spectrum of equation (2.9).

: The results of the level predictions are shown in
Table: (4.16) together with the Coriolis coupling calculations®“.
The IBM(Z=64) calculations give'bettér predictions to all the
negative parity states. The 17 level (K" = 07) is predicted

at 1335 keV, indeed an excellent agreement with experimental
level at 1338 keV. ' '



134

Table (4.16). Experimental negative parity states
compared with Coriolis coupling and
IBM(Z=64) calculations.

Energy (keV)
J K Exp K—V IBM(Z=64)
2 2 1264.7 1330 1271.0
1 1 1285.6 1430 1257.9
3 2 1286.7 1360 1322.6
1 0 1338.1 . 1600 1335.7
1170+
2 1 1358.6 . 1580 1360.3
4 2 1386.3 1470 1364.9
3 1 1398.6 1520 1400.9
4 1 1535.1 1830 1600.1

. . ' 4
K=V Kocbach L and Vogel P (1970)%
126

+ Soloviev et al. (1964)
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The experimentally determined negative parity

levels for !'®°Dy are compared with IBM
- calculations (Z=64) and Coriolis coupling

predictions of Kocbach and Vogel.
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Figure (4.11) shows the comparison between experi-
mental values and the theoretical predictions for the negative
parity states. The two predictions are of IBM(Z=64) and
Coriolis coupling of Kochbach and Vogel ®“.

K" = 17 band.

This band comprised of the levels at 1285(17), 1359
(27), 1398(37) and 1535(4) keV. The level at 1285 keV was
first suggested by McAdams and Otteson ®° and was confirmed in
the present work. The log ft value of 11.40 supports spin/
parity 1°. |

The K-quantum number assignment to all these levels
are consistent with the B(E1l) ratios of Table (4.17).

From the result of Table (4.16) and Figure. (4.11)
the Z=6/ subshell consideration in the IBM gives better predic-
tions. Particularly for the 1359 keV level, the prediction
gives a value of 1360 keV which is considered to be in excellent
agreement. A slightly large difference is observed for 1535
keV level. The estimated level at 1600 keV is approximately
65 keV above the experimental value. This is still considered
to be good since the prediction of Kochback and Vogel®* placed
- this level at 1830 keV, too high by 295 keV.

In predicting the B(El) ratios for transition from
this band to levels in y-band and GSB, the present work adopts
the method of Coriolis coupling. The reason for this is to
check the validity of the claim made by Krane 85
that Coriolis coupling method could only explain the high
energy transitions. Furthermore, the observation of more tran-
sitions in the present work provides an extended test of this
method. The evidence for such a Coriolis mixing can be clearly
seen from the experimental E1 branching ratios of the negative
- parity states to the y-band and GSB. The levels with spin/
parity 27 and 4~ deexcites predominantly to the Y-band, while
the levels with 17 and 3™ populate mainly the GSB. '

who conclude

The method of Coriolis coupling assumes the mixing
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Experimental B(E1l) branching ratios for

transitions from negative parity states

in '®°Dy compared with the adiabatic-

symmetric rotor model.

1285

Transitions Energy B(E1l) ratios Deduced
E/E! level Exp Theory for different Ky
(keV) (keV) K,

0 1 2
215/298 1264 0.38(3) 2.0%. 2.0 0.5 2
1002/1199 1286  0.72(5) 1.33 0.75 0.75% 2
309/392 1357 1.34(8) 2.0% 2.0 0.5 1
1115/1310 1397  0.97(5) 1.33 0.75 0.75% 1
230/337 1385  0.72(4) 5.3% 5.3 0.60 2
379/486 1535 0.59(13) 5.3% 5.3 0.60 1
1285/1199 1.04(25) 0.5 2.0 2.0% 1

* Calculated from the forbidden transition
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of bands with AK=1. Hence the wavefunction of a particular
level will be the sum of all the wavefunctions of the levels
with same spin from other bands. The magnitude of these wave-
functions is proportional to the expansion coefficients g as
given in equation (4.2). Since these ay depend on the energy
separation and the intrinsic Coriolis element therefore a
precise determination of energy levels do not change the values
of Oy considerably. Thus, the present work have taken the
values of Gunther et al. 7% as given in Table (4.18).

The next important step is to calculate the various

matrix element ratios. Defining;

oM’ (E1) 1"
R = — - (4e4)
< 2F M’ (1) 1

A
v

v

v

< 2¥|M7(E1) |27
R'= — - (4.5)
< 2"|M’(E1) |1

v

< otM(EL) |2 > .
and R” = m _— : (4.6)
< 0" IM“(E1)|0O

v

\"4

These ratios can be estimated by equating few experimental B(El)
ratios with the theory of equation (4.3). From this equation
the B(El) ratios for the deexcitation of 2  states to members

of y-band and GSB are given by:

B(El; 27 + 3,7) 1+ 0.5/2 ¢,]?
- + = 2 (4' 7)
B(El; 27 +~ 2,) 1-v/2c¢,
-~ - + 2
B(E1; 27 + 0.7) 3R2
and — T = (4.8)
B(El; 27 ~2,) (1 -+v/2¢,)?

o
where : e, = (;%) R’ : (4.9)
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For the 1265(27) keV [K" = 27] level the experimental B(E1)
ratio to the 2% and 3+ states of y-band is 0.38. Equating this
with equation (4.7) yields the value of

€, = =-15.95
Substituting this value of €, into the second equation, Equat-

ion (4.8); and using the experimental ratio of 0.009 will
- result in the value of R = 1.29.

The identical calculations performed for the level
1359(27) keV [K" = 17] give values of

€, = 4.04
and

R = 1.08

The average value of R is then 1.18(09). From equation
it follows that
RO = l-(;z)lzes keV (82)1359 keV,%

Hence by substituting the various €, values, R” was calculated
to be 8.08(80).

Again using equation (4.3) the analytical formula
for the B(El) ratios for transitions can be deduced by de-
exciting the 3~ states to members of GSB. This reduces to:

B(El; 3™ + 4,7) 4 [1+ #/3¢,]2
L2 (4.10)
B(El; 37 ~2,7) 3[1-3%/3¢,].
. Q - . ' )
where e, = L R’ v : - (4.11)
Qp

For the 1287(3") keV level the experimental B(E1)
ratio of 0.72 to the 47 and 2% GSB yields a value of

€ = 0.1539

3
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Substituting the appropriate values of @, and a, (Table: 4.18)

into equation (4.11) results in the value of
R’ = 0.041

Similar type of calculation performed for level 1398(3") keV,
of the K = 27 band, results in the values of:

= -0.08

(Y]
I

and
Rll

1}

0.025
The average value taken for R’’ is 0.033(1).

The values of R, R’ and R’’ are summarised in Table:
(4.19). From these values of R, R* and R*’ and the Coriolis
coefficients of Table (4.18), the B(El) ratios for all transi-
tions deexciting every negative parity states were then calcu-
lated. The expression used is that of équation (4.3). The

results are shown in Table (4.20). The Coriolis coupling

method gives good agreement with experimental results.

The only discrepancy observed for transitions deexci-

vting this K" = 1”7 band is that of the 1398(3~) keV level. The

relatlve B(E1l). predicted for the transition from thls level to
4 level of y-band is 0.29, while the experimental value is
1.72(40). The latter value is almost six times greater than
the prediction. The energy of the transition involved is 242
keV. From the table of relative intensities (Table: 4.1 )
there is a disagreement between the preSentlrelative intensity
for this transition with that of Ref: 7%. Suppose the calcula-
tion was based on the relative intensity of Ludington et al.
then the experimental B(El) ratio would be 0.28 which is in
fact in excellent agreement.with the prediction. Energetically,
this transition can also fit the levels at 1507(2%) keV which
is a newly suggested level, and the 1eve1vatv1264 keV.

Hence it is postulated that a 242 keV transition
decays from two branches, one from the well establlshed 1398
(37) keV level to 1155(4 ) keV level, and the other from
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Table (4.18). The expansion coefficient of Coriolis mixed

wavefunction for negative parity states.

Level I K O, 0, a,
(keV)

1265 2 2 +0.39 -0.92
1359 2 1 +0.92 +0.39
1287 3 2 +0.18 -0.68 +0.70
1399 3 1 -0.21 +0.67 +0.71
1386 4 2 +0.54 -0.84%
1535 4 1 +0.84 +0.54-
1285 1 1 -0.12 +0.99

Table (4.19). The deduced ratios of the matrix elements.
(Uncertainties in the last significant

figures are given in parentheses).

vty - IS TR - o+ -
<K ,=0 IM (El)IKi-l > <Kp=2 M (El)IKi—Z > <Kp=0 IM'(El)]Ki 17>

—+t =1" =+l =1" =+l =0"
<Kp=2 M (El)lKi 17> <Kp=2 M (El)IKi 17> <Kp=0"[M (El)lKi 07>

1.18(9) 8.04(80) 0.033(2)
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Experimental B(El) ratios for transitions
from negative parity states in '®°Dy
compared with the calculations using

Coriolis coupling.

B(El) ratios

Level 5 If Exp Theory
(keV)
1264 - 2} 1.0 1.0
37 0.38 (3) 0.39
2} 10.009(1) © 0.0027
1286 E 2! 1.0 1.0
4 0.72 (5) 0.93
27 0.21 (9) 0.36
37 0.57 (4) 0.59
1385 i 3 1.0 1.0
4 0.72 (4) 0.62
4 0.039(2) 0.012
1358 - 2r 1.0 1.0
EN 1.34 (8) 1.59
2f 0.154(8) 0.143
1398 - 27 1.0 1.0
4 0.96 (5) 0.99
2t 0.25 (9) 0.23
. 3! 0.41 (4) 0.27
4 1.72 (40) 0.29

— continued —
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B(El) ratios

Level I1 If Exp Theory
(keV)
1535 4" 3] 1.0 1.0
4y 0.59 (13) 0.37
57 1.43 (43) 2.46
4y 0.055(12) 0.096
1285 1 o) 1.04 (25) 1.08
2} 1.0 1.0
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1507(2+) keV level to 1264(2° ) keV level. The relative inten-
sity of the former is 0.004 while the latter is 0.022. Hence
the bulk of the 242 keV peak comes from the new level at

1507 keV.

K" = 27 band.

This band consists of three energy levels at 1265(27),
©1287(37) and 1386(47) keV.

The E1 character of transitions 298 and 215 keV from
level 1265 keV to the levels at 966(2+) and 1049(3%) kev respec-
tively suggest that this level has spin/parity of either 2~ or
37. The log ft value of 8.18 suggest the spin/parity 27.

The spin/parity of the level at 1286 keV was deter-
mined from the conversion coefficient (a ) values of the tran—
81t10ns 1199 and 1003 keV which depopulate this level to 2
and 4' states of GSB. The log ft value 9.23 confirms the spin/

parity 3°.

The 1386 keV level was assigned 4 in view of the
log ft value and from the‘aK coefficient of the 337 keV which
depopulates this level to 1049(3+) level of the y-band.

The K-quantum number assignment for all these three
levels were consistent with the B(El) ratios of Table:(4.17).
The energy levels are well predicted by the IBM(Z=64) as
shown in Table (4.16).

The relative B(El) ratios for transitions depopula-
ting these levels to states in GSB and y-band were calculated
similar to that of K" = 1~ band. The results of Table (4.20)

shows géod agreement with experimental values.

It is also of interest to examine the B -decay
branching ratios in the context of Coriolis coupling calpulat-
ions. If the B-transitions from the K = 3~ 1®°Tb ground state
are assumed to be of the allowed Gamov-Teller type, only the
K=2 part of the final-statewave function should coﬁtribute, and
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Table (4.21). Relative B —intensities (ft)~! from '®°Tb
decay to negative parity states in !¢°Dy,

Final state I K Relative (ft)~!
(keV)
Exp _Theory¥*

1338 1 0 0.0002 0.00%t
1535 4 1 0.06 0.02
1398 3 1 0.30 0.21
1358 2 1 0.55 0.18
1285 1 1 0.0006 0.00%t
1264 2 2 1.00 1.00
1287 3 2 0.089 0.20
1386 A 2 0.06 ‘ 0.04

* Krane KS (1982) ®°

.;f Present calculatién.

the B-branching ratios (ft)” 'should be proportional to the

quantity 127

2 p 2
af < 331 - llIfZ >

Table (4.21) shows a comparison between the measured
values and those expected on.the basis of the model. The
agreement is satisfactory, particularly in view of the simpli-
fying assumptions made., To account for the difference, the
K=1 part of the wavefunction should be included in the calcula-~
tion. The results contained in this table provide more
supportive evidence for the K-quantum number assignments to the
negative parity levels, and is partiqularly'satisfactory for
the newly observed 1™ level at 1338 keV.
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CHAPTER V

THE NUCLEUS OF !88Qs

5.1 Introduction.

The '®80s nucleus is situated in a transition region
between those nuclei 150 < A < 180, possessing large equilib-
- rium deformations, and the spherical nuclei near the doubly
magic 2°8Pb. Knowledge of the properties of the excited states
in !'®80s would thus, provide insight into the details of their
structure, and would form a basis for the evaluation of differ-

ent microscopic and phenomenological nuclear models.

Yamazaki et al. '28, has discussed the properties
of 8805 both in terms of Bohr and Mottelson 2° [BM] and
Davydov and Fillipov '2° [DF] models. As far as the ground
state (K" = O+) and gamﬁa (k™ = 2+) bands are concerned, the
predictions of both models appear‘to parallel one another.
The only difference is that the DF model, which assumes asy-
mmetric equilibrium, was able to fit the experimental values
for the ratios B(E2; 2,” — 0,7)/B(E2; 2, — 0,7) and E, +/
E21+ while the hydrodynamical BM model could not. The !
experimental values for B(ER2) ratio between transitions from
4he K™ = 27 band to the K™ = 01 band cannot be fitted by the
DF predictions, which means that the band coupling is over-
estimated. Furthermore, the experimental value for the EO
matrix element in the 22+ — 21+ transition seems to favour
the BM model.

The failure of the phenomenological models to provide
a satisfactory account of the structure has prompted a detailed
investigation of nuclear deformation on a microscopic'level.
The theoretical calculations of Kumar and Baranger 57 have
involved detailed predictions concerning the structure of nuec-
lei in the mass.regidn near. A=180. The calculations involve
the residual pairing and quadrupole interactions applied to
sphericaliy symmetric independent-particle wavefunctions. The
predictions for.the !®80s nucleus show good agreement for the

+

. _ ' +
energy levels, but only for the B(E2; 2, — 0, ) and
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B(E2; 41+ — 21f) values. Agreement for other B(E2) values
were not as good. The directional correlation work of Krane
and Steffen '!'! show that the PPQM gives good estimates to
the E2/M1 mixing amplitudes for the 478 and 635 keV transitions.
However, the theory seems to encounter difficulty, notably
concerning the decay of the 0; state.

A somewhat extended approach to PPQM was taken by
Sahu et al. '?°, The intrinsic calculation was performed in
the framework of Hartree-BCS theory employing the pairing and
Q.Q. interaction. The level energies up to I=10 in GSB and
up to I=4 in the y-band show good agreement with experiment.
On the other hand, a discrepancy was observed in the prediction
of the K=4 band. The position of this bandhead was estimated
to be at 3394 keV, more than twice the observed level at 1278
keV '®1, The prediction for the ratio B(E2; 2,7 — 2,%)/
B(E2; 22+ — 01+) is consistent with the experimental value.

In explaining a rather large quadrupole moment (Q2 +),
for the first excited 2, state, Weeksand Tamura 132
a boson expansion technlque 133 (section 2 - 3). Astonishing-
--1ly, the predicted K" = 4+ bandhead was only 185 keV higher
.than the experimental value, much better than the prediction
of Sahu et al. '3®°, Although this technique has quite accura-

employ

~4ely predicted the decay of the O,_+ state, the energy level

was somewhat too low.

This low prediection of the 0,' state was later
improved by Hess et al. 3", He employs the General Collective
Model [section 2.2.3] and the calculations, which were based
on the Potential Energy Surface (PES), gave accurate predic-
tion of the 0," state but not the 0,  state. The prediction
at 2030 keV for the laﬁter state was too high by 552 keV
compared to the experimental value at 1478 keV. Furthermore,
PES predicted the B(E2;,22+ — 01+) value 15 times lower than
the experimentally observed value. Thus, there still existed
many discrepancies between the nuclear models and the experi-

mental data available for 1890s.

Almost all the models which have been discussed

only explained certain properties of nuclear structure, but
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failed for others. The more unified IBM might be expected to
give a better description of the nuclear structure of '%80s.

In terms of IBM limits, Casten and Cizewski '?% have classified
this medium mass A=188 nucleus to lie in the transitional reg-
ion between the 0(6) and SU(3) 1limits. Although the basic
trend of the nuclear properties within this transitional region
has been discussed before, detailed calculations, coupled with
the most recent experimental data has never been previously
carried out for !®%0s. Since the y-unstable model of Wilets
and Jeans '3® is the closest geometrical analogue of the 0(6)
limit of IBA 352137  +the success of this model in reproducing
the experimental data may be interpreted as supportive evidence
for the y-soft cores in nuclei. More refined parametrizations
which make a distinction between proton and neutron bosons

were presented by Bijker et al. !2® and Scholten !3°9,

The present study seeks to understand the nucleus
of '880s in detail, within the context of IBA-1l. Especially
scfor the relative decay modes of ot states and the predictions
of possible M1 transitions, both of which form basic tests in

understanding the 0(6) character of a nucleus °3.

The nucleus of '®880s can be populated either B~ decay
of '88Re, or by Ec/g’t decay of '®®Ir, The former mode of decay
is-preferable due to its relatively longer half-life.

Among the earliest coincidence and directional corre-
lation studies from '®®Re B~ decay was that of Arns et al.!"?.
Gamma rays were detected using 2"x2" NaI(Tl) crystals mounted
on 6342A phototubes. A total of 17 energy transitions were
obtained whereby the relative intensities for stronger transi-
tions were found to have an error of 10 %. In establishing
the energy level scheme, 4 gates at 155, 478, 633 and 829 keV
were taken, resulting in 9 energy levels to be proposed. A
new level at 1730 keV with spin 2 and unknown parity was
suggested. The result of directional correlation measurements
indicated an. M1 character for the 829 keV transition.

Much more extensive studies involving e-e, e-y. and
Y-y coincidences from both '®®Re and '®®Ir were later performed
by Warner and Sheline !*!, The detectors used were two '
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7.62 cm X 7.62 cm NaI(Tl) scintillation counters. Two more
transitions were observed from the '®%Re decay, and from !®°®Ir
decay y-y coincidences established 3 new levels at 789, 1732
and 1846 keV. |

The works of Wyly et al. '*2 and Yamazaki '*?, based
on B-y directional correlation in '®®Re and '8%Ir decay respec-
tively, mainly confirmed previous data without providing new
results.

The studies by Harmatz and Handley !**

» using both
modes of decay, established a spin/parity of 2~ for the 1305
keV level. This was in contradiction with the measurement

145 where.a high resolution,

made later by Bashandy and Hanna
double focussing beta-ray spectrometer was used. The spin/
parity of this level was suggested to have 3 . ‘

146 employed Ge(Li) spectrometer

Yamazaki and Sato
in their B-y and y-y coincidence studies. Three Ge(Li) y-ray
spectrometers; 2 cm? X 5 mm thick, 6 cm? X 10 mm thick and 30
cm® coaxial, were used for the determination of y-ray intensi-
ties. A total of 35 gamma rays were observed from the B~
decay of '®®Re. In the coincidence study,.the 30 cm® coaxial
Ge(Li) was used in conjunction with a 5 em X 5 cm NaI(T1)
~gpectrometer. A total of three energy gates at 155, 478 and
(633 + 635) keV were taken to construct the decay scheme of
18805 nucleus. The level proposed by '** at 1705 keV was not
seen., The level at 1305 keV was suggested to have spin parity
of 21 in contradictions with 27 '“* and 3" 1“5 suggested '
earlier. Two levels at 789 (3+) and 1808 keV were observed
for the first time to be populated in the decay of '®%Re (17).
These levels were well established levels from the EC/B+
decay of !88Ir (27). Two new levels at 1457 (1+, 2+), and
2021 (2%) were proposed.

The most recent work on the B~ decay of '8%Re was
that of Svoren et al. '*7, The gamma rays were detected with
a large volume high resolution Ge(Li) detector. A total of
forty-one y-rays were observed. Eleven transitions at 312,
515, 558, 624, 634, 811,1071, 1302, 1305, 1549 and 1808 keV
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were considered to be new. Energies at 794, 963, 967 and 1170

146 ywere also seen but were attributed

keV observed by Yamazaki
to the radiative background of the laboratory. None of the
others at 641, 880 and 1230 keV were observed. There was no
coincidence measurement being made. The level scheme was
constructed based on the energy sum relations. This resulted

in 18 energy levels of which 5 levels were suggested to be
populated for the first time by B~ decay of '8%Re. These levels
were; 478 and 1843 keV observed in '8%Ir EC/B+ decay, 1480 and
1705 keV observed by Sharma and Hintz '*® from (p,t) reaction
studies, and 1414 keV observed from the reaction (a,2ny) by

Yates et.al. 3%,

The transition observed at 487, 558 and 811 keV could
not be placed in the decay scheme. Transitions at 487 and 811
keV were observed in the decay of '®8Ir, Ref '*®, and were
associated with the deexcitation of the K" = 2+, 4+ level at
965 keV. However, there is no way that this level could be
found to be populated other than the B~ decay, which would

not be expected from 1~ !°®°Re.

The level at 2021 keV seen by Yamazaki and Sato !*©
was suggested to have an. energy of 2023 keV. The energy level
determination using 1865 and 2023 keV transitions differ by
1.6 keV.

In studying the nuclear properties of !'®f0s the meth-
ods of B~ and EC/BT decay were not the only means of probing
this nucleus. There were several reaction studies per-

formed earlier.

A high spin ground state was studied by Newton et
al. 1*° by Coulomb excitation *®°®W(“He, 2ny). Ge(Li) detect-

. . +
ors were used and a maximum spin of 10 was observed.

Casten et al. !5° measured the y-y coincidence from
18805(0'6, 0'¢y) reaction. The detectors used were NaI(T1l).
Milner et al. !5! used two reaction modes 1880s(q, a’y) and
18805(0'®, 0'®y) while Lane and Saladin '°2 employ He, 0!°®
and sulphur ions in their Coulomb excitation studies. In search

of 07 states Sharma and Hintz 148 employ a (p,t) reaétion.
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In the '®®W(a, 2n) '®®0s study, Warner et al. %% were able to
identify up to spin 12" in the GSB: Yamazaki et al. 128 using
the same reaction technique, would only identify up to 10t or
the GSB and 5+ of the y-band. A y-y coincidence studies the
same reaction, using 19 gates, led Yates et al. '®! to propose
a 6% state in a y-band at 1424, and a 4% state of X" = 4+ at
1279 keV. A level at 1414 keV with spin/parity 3~ was also
established.

Other reaction studies pertaining to this nucleus
were; '%80s (a, @¢”) by Burke et al. 5%, 18°05 (d,t) by Thompson
et al. %5 and '°°0s (p,t) by Sharma and Hintz !5° and also
by Thompson et al. 157, The last named assign the level at

1823 keV, a O+ Spin/parity, in contradiction with other workers.

158 emplo-

In searching for ot states Macphail et al.
yed (n,y) reactions. A total of 5 O+ states, energies below
2 MeV, were identified with the level at 1966 keV being a new

suggestion.

The present work on '®80s populated by the B~ decay
of '®8Re was undertaken to remove discrepancies observed

earlier, especially as regards to the level scheme.

5.2 Single spectra.

The single spectra were measured using the 12 %

Ge(Li) efficient detector and also an intrinsic Germanium

detector.

The radioactive source used was '®°W, produced by
double neutron capture at Reactor PLUTO in Harwell. The
reaction is of the form '®°®W (2n, y) !®°%W. The !®°W decays
with a half-life of 70 days to '®°Re which further decays
(T, = 17 hrs.) to '°%0s. The final product, resulting from
the double neutron capture in natural '8®W (95 % pure), cont-
ains 10 uCi of ®°W and 10 mCi of '®7W as an impurities. The
half-life of '®7W which decays to '®’Re, which is stable, is

approximately 24 hrs.

The radioactive source was left for three weeks for
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Table (5.1) Energies (keV) and relative intensities IY
in the decay of !°°%W.
Intensities normalised IY(478 keV) = 100
Energy '
(keV) Present Ref: 147 Ref:1"68
IBBRe

63.26(13) 7.51 (150)
85.29(13) 3.58 (45)

141.78(25) 0.38 (4)

205.61(14) 0.55 (13)

207.62(17) 0.85 (22)

227.15(14) 21.14 (76)

290.49(12) 32.15 (91)

IBBOS

154.99(04) 1450 (114) 1432 (35) 1545  (150)
312.22(25) 0.38 (9) 0.31 (7) -
322.72(31) 1.62 (11) 1.51 (10) 1.62(2)
453.34(12) 7.5 (5) 6.78 (18) 7.2 (4)
477.95(11) 100 100 100
485.97(28) 8.0 (4) 7.50 (31) 8.1 (3)
514.87(25) 0.54 (5) 0.49 (5) -
633.01(10) 119.97 (98) 119.57 (108) } 141 (14)
635.22(15) 13.73 (98) 14.18 (46) '}

650.13(18) 0.047(7) - -
672.59(10) 10.81 (43) 10.63 (31) 10.3 (1)
785.42(28) 0.58 (18) - -
825.44(25) 2.23 (35) 4.89 (49) 3.8 (10)
829.51(12) 39.75 (107) 39.29 (108) 39.8 (40)
845.20(12) 0.62 (9) 0.69 (5) 0.6 (2)
931.31(6) 54.23 (16) 54.04 (14) 58.3 (60)

1017.57(12) 1.25 (18) 1.43 (12) 1.60(4)

1027.24(28) 0.21 (5) - -

1070.98(25) 0.057(13) 0.077(15) -

— continued —




153

2043.86(10)

Intensities normalised Iy(478 keV) = 100

Energy
(keV) Present Ref:1%7 Ref:1"48
1132.23(11) 8.31 (30) 8.46 (37) 9.4 (9)
1149.62(16) 1.51 (36) 1.65 (39) } 3.6 (4)
1150.76(16) 1.51 (36) 1.65 (39) }
1174.35(25) 1.73 (9) 1.94 (15) 2.1 (3)
1191.83(14) 1.07 (5) 1.33 (9) 1.2 (3)
1209.72(25) 0.30 (3) 0.28 (3) -
1238.51(25) 0.20 (3) - -
1302.42(32) 0.58 (8) 0.62 (9) -
1304.96(31) 0.44 (9) 0.52 (8) -
1307.99(14) 6.60 (39) 6.47 (3) 6.6 (7)
1323.16(12) 1.01 (15) 0.83 (6) 1.3 (4)
1354.71(15) 0.046(10) - -
1457.55(8) 1.86 (18) 1.91 (12) 1.8 (4)
1505.34(25) - 0.38 (11) - -
1549.36(25) 0.19 (5) 0.25 (5) -
1610.32(10) 8.22 (47) 9.41 (40) 10.5 (18)
1652.81(15) 0.27 (6) 0.32 (5) -
1660.28(24) 0.64 (12) - -

| 1669.84(21) 0.78 (10) 1.02 (8) 0.6 (2)
1711.19(20) 0.25 (7) - - '
1785.19(13) 1.23 (15) 1.99 (11) 2.6 (3)
1793.23(14) 0.057(13) - -
1802.13(11) 3.59 (22) 3.61 (17) 4ol (5)
1807.61(28) 0.19 (3) 0.11 (2) - ‘
1846.46(12) 0.052(13) - -
1865.20(16) 0.46 (9) 0.54 (5) 0.6 (2)

11871.21(21) 0.16 (5) - -
1888.74(22) 0.26 (9) - -
1940.68(15) 0.29 (6) 0.20 (2) -
1957.29(15) - 1.04 (8) 1.51 (11) 1.6 (3)
1975.91(12) 0.24 (16) - -
2022.76(10) 0.21 (5) 0.17 (2). -

0.17 (5) - -
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radioactivity from the impurity '®’W to die away before any
singles measurement were taken. Two singles measurement
were made within a time interval of two weeks. This step was
taken to ensure that the observed y-rays were the result of
188 decay and not a mixture with ®7W decay.

Figure (5.1) shows the single spectrum obtained from
the 12 % Ge(Li) detector. It comprises of y-rays of '®fRe and

IBBOS
L]

The analyses of singles spectra enabled a total of
59 y-rays to be identified. Such y-rays arise from the decay
of levels in both the '®fRe and '®%0s nuclei. The Qg- value
for the decay of '8%W to !®PRe is 0.349 MeV while Qg- for
188Re decay to '®%0s is 2.119 MeV. Thus y-rays with energies
< 349 keV can either arise from '®®Re or !®%0s. Ten y-rays
were observed to be within this range. From the coincidence
results (see later), three y-rays were identified as belonging
to 18805 and seven to '®®Re. The seven energies are 63, 85,
141, 205, 207, 227 and 290 keV. The y-ray at 205 keV i;inewly

suggested transition.

The number of y-rays belonging to the '°°0s nucleus
is 52. Eleven transitions suggested by Svoren et al. were
confirmed at 312, 515, 1070, 1209, 1302, 1305, 1549, 1652,
1807, 1940 and 2023 keV. A total of fourteen y-rays were
identified for the first time in the decay of 8%Re to '%%80s.
The energies are: 650, 785, 1027, 1238, 1355, 1505, 1660, 1711,
1793, 1846, 1871, 1888, 1975 and 2043 keV.

Table (5.1) shows the relative intensities of y-rays
resulting from the B~ decay of '®8W. The first seven energies
‘'belong to the !8°Re nucleus and the remainder belong to the
18805 nucleus. This is the first time that the intensities
ofmy-rays from both nuclei are combined together with the same
. normalisation. The intensities are normalised to 100; the
intensity of 478 keV in !%%0s.

The intensities of the y-rays are compared with the

works of Svoren et al. '*7 and Yamazaki and Sato **®., The
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present results are consistent with the results of Svoren et
al. '*7 for most parts. The only discrepancy observed is for
the 825 y-ray. The present result obtained an intensity of
2.2(4) while Svoren et al. quoted a value of 4.9(5). Although
the present value is almost 50 % that of Svoren et al., it is
consistent with an intensity of 1.7(6) obtained in the (n,y)

reaction '%®., Furthermore, a value of 3.8(10) obtained by

l46

Yamazaki and Sato is only slightly higher.

5.3 Coincidence measurement:

The coincidence data were collected on three magnetic
tapes using the DPDCS. The analyses were performed offline,
as discussed in sections 3.6.2 and 4.3.

In constructing the decay scheme of !%%0s, eight
energy gates were taken. The energies were 155, 322, 478,
(633 + 635), 829, 931, 1132 and (1149 + 1150) keV. Selected
in" this manner these energy gates are well defined and clear

of neighbouring peaks, they form good reasons for their choices.

The gate at 155 keV is important since such a transi-
tion depopulates the first excited state of '®®0s and most
transitions will be in cascade with it, therefore showing up
in the coincidence spectra. Furthefmore, the 155 keV gate is
needed to confirm the existence of a 478 keV level with spin/
parity 4+. This level was suggested for the first time by
Ref: '*7 to be populated in the B~ decay of '®®Re (spin/parity
17). The suggestion was based entirely on energy sum conside-

rations.

The 322 keV gate was. chosen to confirm the presence
of a 790 keV 3+ member of the y-band.

The two gates, one at 478 keV and a doublet at (633 +
635) keV, were chosen due to their special interrelationship
in the decay scheme. The gate at 478 keV allowed a distinction
to be made between transitions which were in coincidence either
with the 633 or 635 keV lines, since the standard gate width
of about 2 keV would encompass both the 633 and 635 keV peaks.
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The 478 keV transition depopulates the same level as that at
633 keV, whereas the 635 keV line is involved in a different
cascade. Thus, the coincidence spectra resulting from the 478
keV gate is expected to be similar to the coincidence spectra
from the 633 keV gate. By comparing the coincidence results
of these two gates the transitions which were in coincidence
with either the 633 or 635 keV lines could be identified.

The selection of the 829 keV line as a gate helped
to confirm a new level at 1948 keV. A strong coincidence was
expected with a transition at 486 keV, previously observed
(Ref: %82 1%7) but not placed in the decay scheme.

The gate at 931 keV was needed to confirm a level
at 1871 keV. The last two gates, 1132 keV and a doublet
(1149 + 1150) keV, were taken to check for the existence of
higher energy levels.

The summary of the coincidence results are shown in
Table (5.2). The energy gates are shown on the upper row
while the entries VS, S and W refer to the degree of coincid-
ence, Very Strong, Strong and Weak respectively as explained
in section 3.6.2. The coincidence spectra for all the energy

gates are shown in Figures (5.2 - 5.9).

Of the 52 y-rays observed in the singles spectrum,
38 were seen in the coincidence spectra. The three at 650,
1354 and 1846 keV with intensities 0.047, 0.046 and 0.052
were too weak to show up in the coincidence spectra. The
remaining 11 higher energy transitions go directly to the

ground state.

54 Decav‘schemé and level properties.

) The decay scheme (Figure 5.10) was established on
the basis of the coincidence results of eight gates (Table
5.,2) and the energy sum relations (Table 5.3). On the left
of the Figure 5.10, the energy levels (keV), percentage B~
feeding, log ft values spins and parities are shown. The num-
ber at the top of the arrow indicates the energy of the transi-

tion.
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Table (5.2). Summary of gamma-gamma coincidence results in !®80s.,

Transitions Gates(keV)
Energy
(keV) 155 322 477 633(5) 829 931 1132 1149(50)
154.99 - Vs Vs S S S S S
312.22 W S - - - - i, -
322.72 s - - - - - - -
453,34 - 1) VS S - - - -
477.95 VS - - - VS - S -
485.97 Wooow s S S - - -
514.87 - W - W - - - i,
633.01 - - - - - S - W -
635.22 S - - - - - - S
672.49 S S - Vs - - - -
785.42 - - - - - W - -
825.44 - - W W - - . _
829.51 S 'S Vs VS - - - -
845.20 - - W - - - - -
868,58 - - - S - - - -
931.31 Vs - - - - - - -
1017.57 w - - S - - - i,
1027.24 - - W - - - - -
1070.98 - - W - - - - i
1132.23 - - S Vs - - - -
1149.62 s - - - - - - - i
1150.76 - - - S - - - -
1174.35 - - S W - - - -
1191.83 - -~ 8 .s - - - -
1209.72 - - s S - - - -
1238.51 - - WoW - - - o
1302.42 W - - - - - - .
1307.99 - - Vs Vs - - - -
1323.16 W - - - - o -
1505.34 W - - - - - - -
1549.36 W - - - - - - -
1610.32 - Vs - - - - - - -

— continued —
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Transitions Gates(keV)

Energy

(keV) 155 322 477 633(5) 829 931 1132 1149(50)
1652.81 W - - - - - -
1669.8/ VS - - - - - - -
1785.19 VS - - - - - - -
1793.23 W - - - - - - -
1802.13 VS - - - - - - -
1711.19 W - - - - - - -

1888.74 W - - - - - - -
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Table (5.3).
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Summary of energy (keV) sum relations in

18805 nucleus.

Energy of transition (keV) Sum(keV) Energy level(keV)
154.99 154.99 154.99
322.72 + 154.99 477,71 477.71
477.95 + 154.99 632.94 632.98
633.01 633.01
312.22 + 322.72 + 154.99 789.93 790.07
635.22 + 154.99 790.21
453.34 + 477.95 + 154.99 1086.28 1086.29
931.31 + 154.99 1086.30
514.87 + 312.22 + 322.72

+ 154.99 1304.80

1149.62 + 154.99 1304.61 1304.79

1304.96 1304.96 |
825.44 + 477.95 + 154.99 1458.38

1302.42 + 154.99 1457.41 1457.78

1457.55 1457.55
672.59 + 312.22 + 322.72

+ 154.99 1462.52 1462.49
829.51 + 477.95 + 154.99 1462.45
845.20 + 477.95 + 154.99 1478.14 1478.15

1323.16 + 154.99 1478.15

1027.24 + 477.95 + 154.99 1660.18

1505.34 + 154.99 1660.33 1660.26

1660.28 1660.28

1070.98 + 477.95 + 154.99 1765.17 1765.24

1610.32 + 154.99 1765.31

1017.57 + 312.22 + 322.72

+ 154.99 1807.50

1174.35 + 477.95 + 154.99 1807.29 1807.55

1652.81 + 154.99 1807.80

1807.61 ’ 1807.61

— continued —
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Energy of transition (keV) Sum(keV) Energy level(keV)
1191.83 + 477.95 + 154.99 1824.77 1824.80
1669.84 + 154.99 1824.33
1209.72 + 477.95 154.:99 1842.66 1842.66
1865.20 1865.20 1865.69
1711.19 + 154.99 1866.18
785.42 + 453.34 477.95
+ 154.99 1871.70
l238.5l‘+ 477.95 154.99 1871.45 1871.45
1871.21 1871.21
1150.76 + 312.22 322.72
+ 154.99 1940.69
1307.99 + 477.95 154.99 1940.93 1940.62
1785.19 + 154.99 1940.18
1940.68 1940.68
485.97 + 672.59 + 312.22
+ 322.72 + 154.99 1948.49 1948.36
- 1793.23 + 154.99 1948.22
1802.13 + 154.99 1957.12 1957.21
1957.29 1957.21
1975.91 1975.91 1975.91
2022.76 2022.76 2022.76
1888.74 + 154.99 2043.73 2043.79
2043.86 2043.86.
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Table 5.4 shows the Branching ratios (B.R's), the
log ft values for the B~ decay of '®%Re and the deduced spins
and parities. The B.R's were calculated from the total inten-
sity balance between the intensity of the decay and feeding
Y-rays for each level. The B.R. to the ground state was taken
to be (70.8 *+ 0.2) %, an average between the values of Svoren

et al. **7 and Singh and Viggar 158,

The log ft values were calculated according to the

196  the end point energies of the B~

relations given in Ref:
decay were calculated using the Qg- (max.) of 2.119 Mevy 1597160,
The deduced spins/parities were worked out according to the B~

decay selection rules (Table 1.1).

It is reasonable to assume that there is no B~ feed-
ing to the 478 keV level, with spin/parity A+, from 1° !88Re
parent. In order to establish a zero B.R. it is implied that
the total y-intensity populating the level is at least equal
to the depopulating y-intensity. The only y-transition
observed in this level is that at 312 keV, with a relative
intensity of 0.41. However, the depopulating transition at
322 keV has a relative intensity of 1.74, greater than the
populating intensity. To be consistent with no B~ feeding
of the 478 (4+) keV level, an additional transition with a
relative intensity of at least 1.33 should populate this level.
One possibility is that a transition at 155.24 keV occurs bet-
ween the 633 keV level and that at 478 keV. Such a transition
would be a doublet with the intense  154.99 keV line (energy
difference only 0.25 keV). The present work suggests that
0.73 % of the total y-intensity of a doublet 155 keV transi-
tion would populate the 478 keV level.

Table (5.5) shows experimental and theoretical K-
shell conversion coefficients (aK) for B~ decay of '88Re. The
B~ electron intensities were taken from Ref: 158 and the relat-
ive intensities of the y-transitions were taken from singles
measurements reported in the present work (Table 5.1). The
experimental ayp were deduced using equation (1.16). The
theoretical ay were taken from Ref: 110, The multipolarity
of the energy transitions, given in the last column of Table
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Summary of the level properties in !'88Qg,

Energy EB- ZIY ZIY B.R.* log ft deduced
Level (keV) feed decay 3 J
(keV)

154.99 1964.71 189.26 2638.66  25.82 8.43 2
477.71  1641.99 1.75 1.74 - - 4
632.94  1486.76 69.22 223.72 1.63 9.17 2
790.07  1329.63 14.12 14.11 - - 3
1086.29  1033.41 0.58 62.26 0.65 9.00 0
1304.79 814.91 - 2.65 0.0279 10.01 2
1457.78 661.92 - 4.70 0.0495 9.47 2
1462.49 657.21 8.00 50.72 0.45 8.51 2
1478.15 641.55 - 1.63 0.017 9.88 0
1660.26 459.44 - 1.23 0.013 9.53 2
1704.24 415.46 - 0.25 0.0026 10.09 0
1765.24 354.46 - 16.56 0.17 8.07 0
1807.55  312.15 - 6.86  0.072 8.26 2
1824.80 294.90 - ©1.85 0.019 8.70 0
1842.66 277.04 - 0.30 0.0032 9.44 2
1871.45 248.25 - 0.94 0.0099 8.25 2
1940.62 179.08 - 9.82 0.10 7.25 2
1948.36 171.34 - 8.06 0.08 7.27 2
1957.21 162.49 - .63 0.048  7.45 2
1975.91 143.79 - 0.24 0.0025 8.55 2
2022.76 96.94 - 0.21 0.0022 7.95 2
2043.79 75.91 - 0.44 0.0046 7.16 2
1865.69 254.00 - 0.71 ° 0.0075  9.06 2

* B.R. of Ground state assumed 70.8% an average between the

works of Svoren et al. (1975) and Singh et al. (1981).
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Table (5.5). Comparison between experimental and theoretical
ak conversion coefficients. (Uncertainties
are given in parentheses). The deduced

multipolarities are shown in the last column.

ay X 10-3
Energy Theory Exp Mult.
(keV) E1 E2 M1
155 100 290 1310 323 (29) E2
312 17.80 54 190 43 (10) E2
322 16.70 49 175 46 (4) E2
453 7.60 22 74 19.4(14) E2
477 6.90 19 6/ 23 (6) E2/M1
515 5.90  16.7 53 - - 14.5(10) E2 -
633 3.90 10.5 31 12.8(2) E2
635 3.90 10.5 31 '13.2(8) E2
672 3.50 9.1 27 3.4(2) E1l
825 2.36 5.9 16 23.7(38) E0/M1/E2
829 2.35 5.9 16 2.2(1) E1(+M2)
845 2.27 5.7 15 6.8(10) E2
931 1.90 4.9 11.8 4L.6(1) E2
| 1017 1.58 3.9 9.0 9.4(14) M1
1070 1.44 3.6 8.2 - 4.8(12) E2
1132 1.30 3.0 7.1 3.2(2) E2
1149 1.28 3.1 6.8 5.4(13) M1/E2
1150 1.28 3.1 6.3 5.4(13) M1/E2
1174 1.24 3.0 6.8 6.5(4) M1(+E2)
1191 1.20 2.9 6.3 3.8(2) E2
1209 1.17 2.8 6.0 5.0(6) M1/E2
1305 1.04 2.5 4.9 2.8(6) E2
1308 1.03 2.5 4.9 4.8(4) M1
1323 1.00 2.4 4.8 1.9(3) E2
1457 0.85 1.9 3.9 2.1(3) E2(+M1)
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(5.5), were deduced from the comparison of experimental and

theoretical aK values.,

Yamazaki and Sato '*®, from studies of the !®®Re
decay, included energies at 641, 795, 880, 965, 1170 and 1230
keV in their decay scheme. Two of these were not observed in
the present work and four were identified as background: 641
from ®°Br, 795 from '®“Cs, 880 from '®%0s and 1230 from '%2Ta.
From the eleven new transitions suggested by Svoren et al. '*7.
only nine were observed. The gamma ray at 810 keV was observed
but was attributed to the radiative background from °%Co. The
non observance of the 624 keV transition in the present work
eliminates the possibility of a level at 1414 keV being popu-
lated by B~ feeding. Such a level was observed in the (a, 2ny)
reaction studies 3! and was even .suggested for the first time
to be populated in the °®°Re decay 147, To be consistent Yates
et al. 3! assigned to that 1414 keV level a spin/parity of
37, which is however, unlikely to be populated in the B~ decay

of 17 18%Re,

A strong coincidence of the 322 keV transition with
the 155 keV gate supports the suggestion of a level at 478 keV.
Furthermore, a strong coincidence of .the 312 keV transition
with the 322 keV gate confirms the presence'of a 790 keV level.

Present results pertaining to previously reported
levels at 1458, 1463, 1808, 1825, 1941, 1957 and 2023 keV

agree for the most part with those in Ref: !58,

The level at 1458 keV is established from a strong
coincidence of the 825 keV transition with two gates; 478 and
(633 + 635) keV. Further support for this level is given from
the coincidence of 1302 keV transition with the first excited
state (155 keV gate). The EO + M1 + E2 admixtures of the 825
keV transition, which populates the 2% state at 633 keV,
suggests spin/parity 21 for the 1458 keV level. The log ft
value of 9.47 obtained from the B.R. supports this spin/parity

assignment.

A very strong coincidence of the 829 keV transition
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with both gates at 478 and (633 + 635) keV has led to the
establishment of a level at 1462 keV. The results of both
coincidences suggest that the transition 829 keV feeds the 633
keV level directly. From an energy sum relation this gives a
value of 1462 keV. The E1(+M2) character of the 829 keV tran-
sition indicates that the parity of this level is negative with
spin of either 1, 2 or 3. The observed transition from this
level to 3+ state at 790 keV excludes the possiblé spin/parity
17 and 37, thus leaving 2~ as the only candidate. The low

log ft value of 8.51 supports 2  assignment to this level.

The presence of the 1808 keV level is strongly suppor-
ted by the coincidence results of y-transitions at 1652, 1174
and 1017 keV. These transitions are observed in coincidence
with the energy gates at 155, 478 and (633 + 635) keV respect-
ively. The M1(+E2) multipolarity of the 1174 keV, which
populates the 2 state, suggests the possible spin/parity of
l+, 2+ or 3 for the 1808 keV level. The dlrect_decay to the
ground state rules out the possibility of 3 spin/parity. The
log ft value of 8.26 obtained for the level prefer a ¥

assignment.

The 1825 keV level is established from a strong
coincidence of 1669 keV transition with the 155 keV gate. This
‘is further supported by the coincidence of 1191 keV with two
gates, one at 478 keV and the other is a doublet gate at (633
+ 635) keV. The E2 character of the 1191 keV suggests the
possible spin/parity of ot = 47, Transitions 1191 and 1669
keV are the only two transitions observed to depopulate the
1825 keV level. These transitions feed the states 2, and 2,
respectively. The decay mode of O states in transitional
nuclei favour the population of 2, * and 2 * states. ThlS led
to the suggestion that 1825 keV has a spln/parlty of ot.

The level at 1941 keV is established from the strong
coincidence of 1308 keV transition with the gates at 478 and
(633 + 635) keV. Further evidence is given by the observed
coincidence of 1150 keV with only the'doublét gate (633 + 635)
keV and not with the 478 keV. This means that the transition
is in direct cascade with the 635 keV gate and not with the
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633 keV. Since 635 keV depopulates the level at 790 keV
therefore the sum of 1150 and 790 keV results in a level at
1941 keV. The M1 multipolarity of the 1308 keV suggests the
level to have spin/parity of 2",

The observed strong coincidence of 1802 keV transi-
tion with the 155 keV gate results in the establishment of
the 1957 keV level. The presence of 1957 keV y-ray in the
singles givesa further support for the existence of this level.

The suggested spin/parity is 2",

The present experimental evidence relating to the
2023 keV level is now conclusive. The transition at 1865 keV
was observed in the !®fRe decay by both Yamazaki and Sato !*¢
and Svoren et al. '*7. They suggested that this transition
depopulates the level at 2123 keV, although energetically the
sum of 1865 keV and 155 keV differ by 1.6 keV from 2023 keV.
The present accurate energy measurements indicate that energe-
tically the 1865 keV transition does. not fit between the 2023
and 155 keV levels. The difference is ~2.6 keV. Since the
Qg- (max.) of '®8Re is 2119 keV, the 2023 keV transition. can
only be associated with the depopulation of a 2023 keV level.

Similarly, as no coincidences were observed with
the 1865 keV transition it can only be associated with the
depopulation of a 1865 keV level. In the present work, evidence
has been collected to suggest a level at 1865 keV. The obser-
vation of a transition at 1711 keV, which energetically fits
the levels at 1865 and 155 keV, constitutes further evidence
for the .presence of a level at 1865 keV. Furthermore, from
the coincidence work, a weak coincidence of the 1711 keV line

with the 155 keV gate supports this suggestion.

The present work has confirmed the presence of two
0t states and one 2% states populated in '®8Re decay, as was
firstly suggested by Svoren et.al. !*7 based on energy sum
relation only. The two ot states are 1478 and 1705 keV, while
the 2+ state is at 1842 keV. The4strong coincidence of 845,
1071 and 1209 keV transitions with both gates at 478 keV and
(633 + 635) keV support the evidence of the levels at 1478,
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1705 and 1842 keV respectively. The log ft value of 9.4 for
the 1842 level supports the assignment of spin/parity 2%,

A total of four new levels are suggested in the pres-

ent work.

A new level at 1660 keV is suggested due to the
observation of three transitions at 1660, 1505 and 1027 keV.
A weak coincidence of the 1027 keV transition with the 478 keV
gate supports the suggestion for the level at 1660 keV. The
direct decay to the ground state favours a 2+ spin/parity
assignment to this level. This is in agreement with the log
ft value of 9.53. |

A new level at 1948 keV is proposed due to the strong
coincidence of the 486 keV transition with the 931 keV gate.
This transition at 486 keV was observed both by Yamazaki and
Sato '"® and Svoren et al. 197, but could not be placed in the
decay scheme. The present coincidence work has for the first
time been able to place the transition in the decay schemne.

The observation of a new transition at 1793 keV further supports
the evidence for a level at 1948 keV. It connects thé new
level with the first excited state.

The level at 1871 keV is suggested as a consequence
of observing three transitions at energies 785, 1238 and 1871
keV. The coincidence results of the transitions 785 and 1238
keV with the 931 and L78 keV gates respectively support this
suggestion. The direct decay to the ground state favours a
spin/parity of 2'. This is consistent with the log ft value

of 8.3.

The level at 2043 keV is suggested due to the obser-
vation of two transitions at 2043 and 1888 keV. Since the QB-
(max.) of '®%Re is 2119 keV, the 2043 keV line can only be
associated with the depopulation of a 2043 keV level. The
transition at 1888 keV fits energetically between this 2043
keV level and the first excited state at 155 keV. The coinci-
dence result of the 155 keV géte reveal a weak coincidence
with the 1888 keV transition. From these facts it is believed
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that the 1888 keV transition depopulates the level at 2043 keV.
The direct ground state decay favours a 2+ spin/parity assign-

ment.

5.5 Discussion.

In the framework of the interacting boson model,
18805 has been suggested to lie within the region of the pure
0(6) 1imit, exhibited by !°*Pt, and the SU(3) limit of '®%0s
The presence of five O+ states and thirteen 2+ states with
energies less than 2 MeV indicate predominant 0(6) characteris-
tics, and therefore the appropriate Hamiltonian would be that
of an 0(6) limit. '

ELL OCT
H[0(6)] = PAIR(P.P) + — (L.L) - 10/7 — (T,.T,)
, v 2 T 2 T

(5.1)

where the analytical solution was given by equation (2.50).

From the eigensolution of the H[0(6)], each level can be iden-
tified by three quantum numbers (o, T, vA) as defined previously
by equations (2.45 - 2.47). The levels fall into groups
characterised by a o value. "Energy spacings and level spins

are repeated for each group but with different cut-offs given

by 1=0. The quantum number v, further subdivides levels of

A
the same o.

The boson number in '®80s is 10 which allows the
values of o to be 10, 8 .... and 0. Within the group 0=10,
the values of 7T fanges from 0, 1, 2 ..«. to 10 and vA=O, 1, 2
and 3. Similarly in the group 0=8 the cut-off value of T is

8 and v, can only have values 0, 1 and 2.

A

Figure-(E.ll) shows the theoretical 0(6) levels for
0=10 and 0=8 groups. For the purpose of simplicity only the
lower levels with spins O+, 2+, 3+, 4+ and 67 are included.
The energy unit is arbitrary. A characteristic feature of the

levels is therefore a recurring ot-2t.2t pattern.

The symmetry of the 0(6) limit may be broken by the



179

*0T=N J0J.uniqoads TeasT (9)0 T®OT3eJ08Y[

(TTg) eandtg

0
7
o °° 7
7 N
L #ﬂ
INI# < 0 -9
o 7
: € .
—_— . ‘NI ¢ \ T
0 9 ¢ =
e ’ |
—— 4 0
_ v : _
0 ? T
7 ‘ K2
4||~|Mﬂ. 8 0
| T
2 ~ _ 0 =7 | € z _ _ _ 0o =7 |
8=9 Ol=9

o
"

ol

L]
o
-—

(A2W)3

Y

0z

-00 -



180

inclusion of the Q.Q interaction term. This quadrupole-
quadrupole force is responsible for the occurrence of spectra
with SU(3) symmetry and therefore by increasing its strength
one can study the transition from 0(6) towards the SU(3) 1limit.
The effect of this Q.Q perturbation on the 0(6) spectrum .is
that 2, states will be pushed towards the 4 states and will
come closer to the 31 state.to start to form a rotational

gamma band.

The symmetry of the 0(6) limit can also be perturbed
by the T,.T, term which describes the coupling of two d-bosons
to have total angular momentum of 4. This term affects the
position of the 0t states. In the unbroken 0(6) symmetry the
position of these O+ states are governed by the pairing term
P.P.

In the present IBA calculations the terms Q.Q and
T;.T, were included in the Hamiltonian 5.1. The program PHINT
was used to diagonalise the Hamiltonian to obtain the energies
of the positive parity states. Table (5.6) shows the values
of the parameters giving the best estimates of the energy level
values. The high pairing term expressed by PAIR designates the
dominant 0(6) characteristic while a relatively high QQ value
(» 40 % of PAIR) suggests that the quadrupole-quadrupole inter-
action in '®80s is considerable. The hexadecupole interaction
is small approximately 25 % of the pairing force while the
octupole force is even smaller (~ 2 % of the pairing term).
The latter force only affects the higher energy levels where

the values of T are higher.

The energy levels obtained from the best fits are
shown in Figure (5.12). The spins are labelled on top of the
level while in the parentheses are the 0(6) quantum numbers

(Of.T’_?A)‘

The remainder of this section will be used to discuss
the positive parity states which are grouped according to
ot 2t 27 sequences in order to exhibit their peculiar 0(6)
characteristics. This grouping does not include the GSB and

y-band, which will also be discussed. There is only one
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Table (5.6). Parameters(MeV) used in program PHINT to

calculate positive parity levels.

Parameters PAIR ELL QQ OCT HEX

0.058 0.035 -0.0225 0.001 -0.015

Table (5.7). Parameters obtained for T(E2) operator
in program FBEM to calculate absolute

B(E2) values and ratios.

Parameters E2SD E2DD

0.3133 -0.008




183

Table (5.8). Experimental absolute B(E2) values
(e?b? units) in comparison with IBM

predictions.

Ii — If Experimental¥ _ IBM
2, — 0, o 2.75 (10) 1.79
2, — 0, 0.261(022) 0.100
2, — 2, 0.157(010) 0.159
by — 24 1.45 (09) 2.49

57
* Kumar and Baranger (1968)

‘negative parity state which has been observed from the B~

decay of '88Re.

Ground State Band (GSB).

This band consists of two levels observed at 155(2+)
and 478(4+) keV. The occurrence of the 4+ level in the B~

147

decay of '®%Re was first suggested by Svoren et al. and is

confirmed in the present coincidence measurement. The IBM
predicts the 2% level at 154.9 keV and the 4% level at 514.9
keV. '

The absolute B(E2) values for 21+ - 01+ and 41+ - 21+
transitions were calculated from FBEM. For a pure 0(6) nucleus,
"“the parameter E2DD of equation (2.21) is zero '%2, The value
of thé E2SD parameter was initialised from equation (2.48) by
normalising to the experimental absolute B(E2) value for the
21+ - 01+ transition. Table (5.7) shows the values of the
parameters E2SD and E2DD, obtained in the present calculation.

" The near-zero value of -0.008 for E2DD suggests that the '880s
nucleus is more of an 0(6) type than SU(3). The absolute
B(E2) values calculated are shown in Table (5.8). The values
for the 2, + 0,7 and the 4,7 + 2, " transitions are 1.79 and
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Table (5.9). Experimental positive parity levels(keV)

compared with theoretical predictions.

Energy (keV)
J Exp IBM * BET PPQM
2 155.0 154.9 156.0 178.0
4 L77.7 514.9 4L68.0 L74.0
2 632.9 734.0 666.0 600.0
3 790.1 884.8 853.0 874.0
0 1086.3 1019.6 734.0 836.0
2 1304.8 1162.6 1011.0 1131.0
2 1457.8 1413.4 1243.0 -
0 1478.2 1675.9 1215.0 -
2 1660.3 1680.2 - -
0 1704.2 1527.6 1825.0 -
0 1765.2 2166.2 2497.0 -
2 T 1807.6 2020.6 1429.0 -
0 1824.8 1917.0 - -
2 1865.2 1592.4 - -
2 1871.5 2336.8 - S
2 1940.6 2561.1 - -
2 1957.2 2167.2 - -
2 2021.5 2783.7 - -
2 2043.8 1888.0 - -

133
BET Weeks and Tamura (1980)
57
PPQM Kumar and Baranger (1968)

* Present calculation.
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2.49 e?b? réspectively, far from the experimental values of
2.75 * 0.10 and 1.45 * 0.09.

Gamma band (K" = 2j).

The 2% and 3% levels at 633 and 790 keV are bandhead
and first excited member of the K" = 2+ band. In terms of the
0(6) quantum numbers the 2+ and 3+ states can be classified as
(10, 2, 0) and (10, 3, 0) respectively. The IBM predictions
for these levels are higher than that of BET and PPQM.

From the E2 selection rules of the 0(6) 1limit '®2? the
2+ level is expected to decay predominantly to the first execi-
ted 27 (10, 1, 0) rather than to the ot (10, 0, 0) ground state
as is clearly found experimentally (fifth column of Table: 5.10)
and confirmed by the theories of columns six and seven. Simi-
larly, the 3t (10, 3, 0) state should decay mostly to the i
(10, 2, 0) state rather than to 2t (10, 1, 0) state, which

however is not clear experimentally, and predicted to be oppo-

site by IBM, although substantiated by the PPQM. The absolute
B(E2) value for the 2,7 + 2% transition predicted by the IBM
is 0.159 e?b? , in good agreement with the experimental value
of 0.157 (090). The PPQM predicted the value to be 0.403, a
factor of 2.6 higher. For the 22+.+ 01+ transition the experi-
mental value of 0.261 # 0,022 is nearer to the 0.18/ predicted

by the PPQM than the IBM at 0.100.

The collective K" = 2% states are interpreted as the
y-vibrational states of the Bohr-Mottelson model, while the
asymmetric rotor model (ARM) '8% regards this band as an
anomalous rotational band which is generated by rotational
motion along the near-symmetrical axis of an asymmetric model.

The Bohr-Mottelson (BM) calculations '®* predict
the ratio R, = B(E2; 3,7 — 4,7)/B(B2; 3,7 — 2,7) to be equal
to 1.45 and the ratio R, = B(E2; 2,7 — 0,%)/B(E2; 2,7 — 2, )
to equal 2.8. The calculation of Davydov and Rostovsky '°©°
based on ARM prédicts the ratios to be 2.8 and 4.5 respectively.
The IBM predictions give the values of 0.54 and 1.61 respective-
ly. The experimental ratios of 0.94 * 0.18 and 3.4 * 0.2 are

closed to the BM calculations although the best individual
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. Table (5.10). Experimental B(E2) ratios for transitions
from positive parity states in '®%0s compared

with theoretical predictions

B(E2) ratio

E(level) I; I, Energy Exp IBM PPQM*
633 2 0 633 0.29 (2) 0.62 0.45
2 477 1.0 1.0 1.0
790 3 2 635  1.06 (26) 1.89 0.47
‘ A 312 1.0 1.0 1.0
1304 - 2 0 1304 0.007(2) 0.0035  0.094
2 1149 0.05 (2) 0.05 0.01
3 514 1.0 1.0 1.0
1457 .. 2 0- 1457 1.0 1.0 -
2 1302 0.55 (9) 5.25 -
2 825 20.6 (34)  35.25 -
1660 2 0 1660 1.0 1.0 -
2 1505 0.97 (33) 1.64 -
| 3 1027 3.4 (11) 0.031 -
1871 . 2 0 1871 0.003(1) 0.00 -
2 1238 0.035(12) 0.020 -
0 785 1.0 1.0 -
1957 2 0 1957 1.0 1.0 -
2 1802 5.21 (51) 0.3 -
1865 2 0 1865 1.0 1.0 Co-
2 1711 0.84 (8) 0.67 -
2043 2 0 2043 0.44 (9) 0.5 -
2

1888 1.0 1.0 -

‘ C 57
* Kumar and Baranger (1968)
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Table (5.11). The experimental ot decay mpdes in
18805, The ratio R is defined as
B(E2; 0,92,)/B(E2; 0,921). The 0(6)
quantum numbers, ¢ and T , are given

in square brackets.

R ratio

Level

(kev) o; [o,7] . Exp IBM
1086 o} [ N,3 ] 5.1 (5) 9.9
1704 ot - [ 1§,6] 1.90(23) 0.01
1478 ot [ ¥-2,0 ] 4.84(25) 5.0
1825 ot [N,9] 7.4 (10) 8.5
1765 o} [ ¥-2,3 ] 5.88(34) 3.5

agreement is for the IBM value for.R,. The IBM predictions
are regarded as equally good since the BM calculations needed
to use first order perturbation methods. The predictioné of

58

Kumar and Baranger were far from the experimental ratios,

particularly for R, where the ratio was 2.2.

Levels: 1086 (07) — 1305 (21) — 1457 (21) keV.

The 0(6) quantum numbers specifying these "levels are
shown in the parentheses of Figure (5.12).

The 1086 keV level is the first excited O+ state and
therefore there is no problem in assigning the quantum numbers.
The nature of this level has been subjected to discussion as
either belonging to B-vibrational bandhead or two phonon-gamma

43 considered this level as a

vibrational bandhead. Yamazaki
two phonon-gamma vibrational state from the fact that the energy
is approximately twice the gamma vibrational energy. However,

the present ratio B(E2; 0° — 2,7)/B(E2; 0F — 2,%) of 5.1 (5),
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is neither consistent with the two phonon-gamma vibrational
ratio (=0.2) '%®, nor with the pure B-vibrational ratio of 200.
The IBM prediction for the ratio gives a value of 9.9, almost
twice the experimental ratio. The predicted level at 1019 keV
by the IBM is better than the predictions of BET.and PPQM at
734 and 836 keV.

The levels 1305 (2+) and 1457 (2+) keV are ‘suggested
to be the members of this [07 27 2+] group. From Table (5.10)
it can be seen that the B(E2) ratios of the transitions depopu-
lating the 1305 keV level are in good agreement with IBM
predictions. For the 1457 keV level, the only appreciable
disagreement is for the ratio B(E2; 2 — 2 *)/B(E2; 2% — 0 ¥)
where the IBM prediction is a factor of ten higher. The obser-
ved 2+ level at 1305 keV is predicted by the IBM at 1162 keV,
better than the BET at 1011 keV and PPQM at 1131 keV. The
second 21 member of this [0F 2F 2+] group is predicted at 1413
keV, in good agreement with the experimental value at 1457 keV.
The BET prediction at 1243 keV is lower by 214 keV than the

observed value.

Levels: 1478 (07) — 1660 (21) — 1807 (27) xev.

The 07 state at 1478 keV is the second excited state
observed in '°®0s. 1In the context of .the 0(6) 1limit, it has
been identified as the bandhead of the states in the o=N-2
group, having the quantum numbers (8, 0, 0). This assignment
is consistent with the B(E2) ratios for transitions depopulat-
ing the 1478 keV level. There exists another neighbouring ot
state at 1704 keV which could be mistaken as having the same
quantum numbers. Suppose R defines the ratio B(E2; O+‘—+ 22+)/
. B(EZ;'Q+ — 21+), then the values of R for both 0O' states can
be evéiuated experimentally and compared with the IBM predict-
‘ions. The experimental values of R obtained for the levels
1478 keV and 1704 keV are 4.84 (25) and 1.90 (23) respectively.

Suppose the 1478 keV level is assigned with the quan-
tum nﬁmbers (10, 6, 2), which designated the second O+ excited
state in the group o=N, and the 1704 keV level with the quantum
numbers (8, 0, 0) which is the first 07 state in the group
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0=N-2. The IBM predictions based on these quantum numbers
assignment give the values of R to be 0.01 and 5.0 respectively.
These ratios do not correspond with the experimental values.
If on the other hand, the quantum numbers are interchanged,
(8, 0, 0) is assigned to the 1478 keV level while (10, 6, 2)
is assigned to the 1704 keV level, then the predicted values
of R will be 5.0 and 0.01 respectively. The first ratio is
consistent with the experimental value of 4.84 % 0.25 and
therefore the 1478 keV level can be considered as the first
0" state in the group 0=N-2. Although the second ratio (0.01)
is far from the experimental of value 1.90 * 0.23, it is still
reasonable to assign the level 1704 keV with the quantum
numbers (10, 6, 2). Table (5.11) shows that the experimental
- R value of the 1704 keV level is the smallest compared to that
obtained for the other levels.  From the IBM predictions, the
_smallest R value obtained is for the level with the quantum
-.numbers (10, 6, 2) and therefore suggests that the assignment
of the (10, 6, 2) quantum numbers to the 1704 keV is appropriate.

The new level at 1660 keV, with spin/parity 2% is
~suggested to be a member of ‘the present [O+ 2+ 2+] group. This
-~suggestion is bofne out by the fact that the energy difference

of 182 keV is close to that (155 keV) between the first excited
- state to the ground state of '®%0s. The IBM calculations give
‘a 2" level at 1680 keV, which is only 20 keV above the experi-
mental value. The experimental B(E2) ratios for transitions
depopulating this state are shown in.Table (5.10) together

with the IBM predictions. The B(E2; 2° — 2, ¥)/B(E2; 2% — 0,%)
is predicted too low while the B(E2; 2% — 2 T)/B(E2; 2* — 0 7)
ratio prediction is two standard deviation higher than the

experimental value. -

Another level which.is considered to be a member of
the [0+ 2t 2+] group is the 1807 keV level. The selection
rules of the T(M1l) .operator in the 0(6) limit (Equation: 2.22)
favour the presence of M1l transitions to depopulate this
level to the states in the group o=N. Three transitions at
1017, 1174 and 1652 keV were4observed to depopulaﬂe this
level. These transitions populate the states at 3% (10, 3, 0),
2" (10, 2, 0) ana 2* (10, 1, 0) respectively. The two avail-

A,able conversion coefficients (aK) for transitions 1017 and
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Parameters obtained for T(M1l) operator
in program FBEM to calculate B(M1l) ratios.

Parameters

E2SD

E2DD M1E2 MIND

-0.3133

-0.008 -0.9 0.157

Table (5.13).

Calculated B(M1) ratios compared with
IBM predictions.

B(M1l) ratio

E(level) I, 'If Energy Exp IBM
1807 2 2, 1652% 1.0 1.0
' 2, 1174 17.9 (41) 13.5

3, 1017 19.8 (53) 66.8

1941 2 21 1786% 0.22(6) 13.1
2, 1308 - 2.97(72) L7

31 1150 1.0 1.0

? Transition assumed of M1 character.

a
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1174 keV indicate that these transitions are of M1 and M1/E2
characters respectively (Table: 5.5). These experimental
observations are consistent with the predictions of the 0(6)
limit for M1 transitions from a o=N-2 (21) 1807 keV 1level.

Assuming that the transition at 1652 keV to the 155
(2+) keV level is also of an M1 multipolarity, the B(M1l) ratios
for the three transitions can be calculated. The theoretical
B(M1) ratios were calculated by FBEM as a result of the T(M1)
operator, equation (2.22), acting on the wavefunctions of the
energy levels generated by PHINT. The parameters, E2SD and
E2DD, of the T(E2) operator in equation (2.50) are the same
as those obtained previously in calculating the B(E2) values.
The values of the M1E2 and MIND parameters obtained for the
T(M1) operator are shown in Table (5.12). The absolute value
of the M1E2 parameter is highef than the value of MIND sugges-
ting -that the competing E2 character in the M1 transition :
I #1 — I is expected to.be small. The suggestion is observed
experimentally, the transition 1017 keV which connects the 2
1807 keV level to the 790 keV level has an M1 multipolarity.

The B(M1) ratios computed using FBEM are shown in
Table (5.13) together with the experimental ratios. The results
for the 1807 keV level indicate that the IBM predictions could
satisfactorily account for the B(Ml; 2t — 2, )/B(Ml 2f — 2. %)
ratio. The ratio of B(M1; 2t — 3, *)/B(M1; 2 — 2, *) is
overestimated by a factor of 3.4. :

Levels: 1704 (07) — 1865 (2%) — 2043 (27) xev.

The ot state at 1704 keV is considered to be a second
O+ excited state in the group o=N.  As has been previously '
discussed, the assignment of the quantum numbers (io;”é, 2) is
appropriate, even though the R value obtained experimentally
is far from the predictidn of the IBM.

Two new levels at 1865 (2 ) and 2043 (2 ) keV are
suggested to be members of the o=N [O 2* 2 ] group. The
suggestion of thé 1865 keV level as a member is borne out by
the fact that the energy difference of 161 keV is close to
that (155 keV) betWéen'ﬁhe first excited state and the ground



192

state of 1°%0s. The IBM prediction for the B(E2; 2% — 2,%)/
B(E2; 27 — 01+) ratio gives a value of 0.67, which is near
to the experimental ratio of 0.84 * 0.08. In the case of the
2043 keV level, the IBM prediction of 0.5 for the B(E2) ratio
gives a good agreement with the experimental value of 0.44 #
0.09.

The predicted levels for both states are approximate-
ly 300 keV lower than the observed values. Although these
differences in the values are exceptionally high, the IBM
considerations are valuable as neither the BET nor PPQM could
predict the levels in this energy region (= 2 MeV).

Levels: 1765 (07) — 1871 (2%) — 1921 (2%) xev.

The state at 1765 keV is the second 0' state in the
group designated by o=N-2. The IBM prediction of such a level
at 2166 keV is better than the estimation of the BET at 2497
keV. The calculated value of R on the basis of the IBM equals
3.5, near to the experimental value of 5.9 supports the assign-
ment of (8, 3, 3) as the quantum numbers to the 1765 keV level.

A new level at 1871 keV, of spin/parity 2t, is
assigned as a member of this o0=N-2 [o* 2* 2+] group. The B(E2)
ratios predictions by the IBM for the depopulating transitions
are in reasonable agreement with the experimental ratios. The
theoretical 0.02 value for the B(E2; 2° — 2,%)/B(E2; 27 — 0,%)
ratio is slightly off the experimental ratio of 0.035 * 0.012.
Since the 1871 keV level belongs to the o0=N-2 group, the direct
transition to the ground state (o=N) is highly forbidden.

This is observed experimentally where the B(E2; 2t 01+)/
B(E2; 27 — 02+) ratio is 0.003, near to the zero value predic-
ted by IBM. I

The last member-of the o=N-2 Qf 2+ 2+ sequence at
1941 keV is expécted to decay through M1 transitions. Four
. transitions at 1150, 1308, 1786 and 1941 keV were observed to
depopulate this level. The two available conversion coeffici-
ents;(aK) for transitions 1150 and 1308 keV indicate that
"these transitions are of M1/E2 and M1 multipolarities respecti-
vely. The 1786 keV to the first excited state is assumed to
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be of M1 multipolarity, consistent with the 0(6) selection rule
A1=-1. The full energy transition at 1941 keV to the ground
state suggests an E2 multipolarity rather than M1 character.
Thus only three transitions at 1150, 1308 and 1786 keV are
available for the calculations of the B(M1l) ratios. The
experimental results, compared with the IBM estimates; are
shown in Table (5.13). The B(M1; 2° — 2, )/B(M1; 27 — 3,7)
prediction at 4.7 is near to the experimental value of 3.0 #
0.7 but there is a large difference for the B(M1; 27 —- 21+)/
B(M1; 2% — 3,%) ratio.

Levels: 1824 (01) — 1957 (2%) kev.

The 0% level at 1824 keV is the last of the 0' states
_in the group o=N. Due to the truncation of t=0 (Figure: 5.11),
only 2% is associated .with this ot state. The present work |
.~-suggests that such-a 2% state is the level observed at 1957
keV. The predicted value of R for the ot state is 8.5 which
dgrees with the experimental value of 7.4 * 1.0. Considering
the fact that BET and PPQM could not predict the ot state, the
1917 keV predictidn by the IBM, although 93 keV higher than
experiment, is considered to be the best estimate. The assign-
ment of the level at 1957 (2+) keV to this group is supported
by the energy difference of 133 keV, not far from the corres-
-ponding GSB difference of 155 keV. The 2t 1evel is predicted
at 2167 keV,'ZlO_keV higher than experimentally observed.
Although the prediction of the level is exceptionally high,
again it is regarded as the best since neither BET nor PPQM

could give estimates.

Levels: 1842 (2V), 1948 (2%), 1975 (21) and 2022 (21) kev.

There remain four positive parity levels the nature

of which is not certain. All of these states have spin/parity

2t

The level at 1842 keV is confirmed by the coincidence
work. It was suggested by Svoren et al. %7 through the
energy sum relations. The 1948 keV level is confirmed from
the coincidence results of the 486 keV transition. This
"146

transition was observed both by Yamazaki and Sato and
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Svoren et al. '*7, but they could not place it in the level
scheme. The present result has, for the first time been able
to place the 486 keV transition in the '®%0s decay scheme.
The 1975 keV level established in this work is suggested as
the 1973 *+ 3 keV level reported from (d,t), (p,t) and (d,p)
reactions %%, The result pertaining to the 2022 keV is now
conclusive. Previously '“®’ %7 the transition at 1865 keV
was suggested to depophlate the 2022 keV state, but now this
fact is disputed. Only one transition to the ground state is
observed. to depopulate the 2022 keV level and the 1865 keV
transition is alternatively suggested to be a full energy

transition.

- In the context of IBM, these four states could not
be described by the S;d boson space. Since Van Isaacker et
al. '2* suggested that there could be intruder states of
spin/parity 2% near 2 MeV, such a possible explanation could
apply to the four states under consideration here. These
intruder states can be regarded as the results of s’-bosons

and d’-bosons, outside the normal s-d bosons space.

Level: 1457 (27) keV.

This is the only negative parity level observed in
18805 prepared by the B~ decay of !88Re. Two transitions
observed to depopulate this level are at 672 and 829 keV.
The former populates the 3+ state of the y-band while the
latter feeds the 2+ state of the y-band.

The results of comparing experimeﬁtal and theoreti-
cal conversion coefficients (aK) indicate that the 672 keV
transition has an El multipolarity and the 829 keV transition
has a small admixture of M2 with Elwmultipolarity. Assuming
both transitions are of pure El multipolarity, the B(EL)
‘ratio can be calculated. . From the relative intensities of
Table (5.1) the B(El; 2~ — 3,7)/B(El; 2~ — 2,7) ratio is
calculated to be 0.51 # 0.03. The K-quantum number for this
level can be deduced by comparing the experimental B(El) ratio
with the prediction of the symmetric rotor model. The predic-
ted value depends on the K-quantum number. When K is assumed
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to be 1 the B(El) ratio is predicted to be 2.0, but when K=2,
the ratio is 0.5. The result clearly shows that the 1457 keV
level with Spin/parityVZ_ is in fact a member of a rotational
band with K" = 2. Indeed, it is the bandhead of the rotatio-

nal band.
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CHAPTER VI

CONCLUSION

In the present work, the collective states of !'®°Dy
and '®%0s have been studied experimentally and their inter-

pretation by different nuclear models were compared.

_ Experimentally, the work has succeeded in resolving
many of the discrepancies raised by previous workers regarding
the transitions and level schemes. In addition, the use of
a 70 c.c. 12 % efficient Ge(Li) in singles measurements and
with a 10 % Ge(Li) in y-vy coincidence mode as part of a DPETS
allowed a larger number of transitions and levels than before
to be included in the decay schemes. The use of an intrinsic
Ge detector to measure low energies has given a good check
for transitions less than 350 keV.

Theoretically, the properties of both nuclei have
been explained in the context of the interacting boson model.
Other models such as the collective model, which was applied
to 16°Dy, and PPQM and BET used in '®°0s, were discussed as
a matter of comparison and found to give not a good overall

agreement with experiment.

160ny nycleus.

The levels in this.even-even nucleus.are. populated
by B~ decay of '®°Tb. The long half-life (T% = 70 days)

makes it suitable for extensive studies.

The results of singles measurements_revealed'the
presence of 50 y-transitions. Two weak treneitions at 320 and
1448 keV, suggested earlier were confirmed and the relative
intensities are now uniquely determined. Four y-ray energies
at 621, 704, 707 and 728 keV previously observed from !®°Ho
decay 1°2, were seen for the first time in the decay of !'°®°Tb.
Ten new transitions at 112, 148, 454, 518, 571, 1143, 1338,

- 1349, 1420 and 1507 keV were suggested. The relative intensi-
ties for all other transitions are consistent with those
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reported earlier. The only appreciable difference observed
is the intensity of the 242 keV transition. The present
value of 0.026 (6) is in agreement with 0.021 (8) of McAdam
and Otteson %%, but far from the 0.004 (3) of Ludington et
al. 7%, The 242 keV peak is suggested to be a doublet; one
results from the decay of well established level at 1398 keV
and the other component arises from the deexcitation of a new
level at 1507 keV. A transition at 1005 keV, not seen in the
singles spectra, but inferred to exist from the coincidence

results, was suggested to have a maximum intensity of 0.019.

From the Y-y coincidences, twenty levels were estab-
lished. Among these, three levels at 1285, 1288 andv1349 keV
were confirmed. The level at 1285 keV with spin/parity 1~
was suggested by McAdam and Otteson 8° while the.5+ state at

-1288 keV was observed by Ludington et al. The presence of

115 and

1349 keV level was.observed by McGowan and Milner.
the suggested spin/parity 2+ is confirmed in this work.
"Another three levels at 1670, 1694 and 1824 keV were seen for
the first time to be populated by B~ decay of '°°Tb. These
levels were populated by EC/BT decay of %%Ho. The present
- work has established three new levels at 1230, 1338 and 1507
keV. The level at 1230 keV with spin/parity 0% is suggested
to be the B-vibrational bandhead. The 1~ level at 1338 keV
—1is suggested as the bandhead of the K" = 0  band, which is
consistent with these predictions of Soloviev 25, The
level at 1507 keV with spin/parity 2% is considered as an
intruder state. With the exception of the 1507 keV level,
all the levels observed in the present work could be grouped
into specific bands defined by quantum number K. The twelve
positive parity states could be classified into six bands,
while the eight negative parity states are grouped into three
bands with K" = 07, 17 and 27.

The lifetime measured for the first_excited state

(87 keV level) is consistent with previous workers.

The energy ratio EAI/EQT’ equal to 3.03, classifies
160Dy as a rotationally deformed nticleus, and with neutron
number equal to 94 has been suggested to lie at the edge of a



198

deformation region as does the '52Sm nucleus.

Within the context of the geometrical model of Bohr
and Mottelson, the most appropriate description of the levels
would be as collective rotational, and therefore the states
are expected to follow the leading order energy dependence
of equation (2.9). The observed deviations, of positive
parity states from the leading .order. dependence were attributed
by Tuli '°2 to the coupling of rotation-vibration modes, which
eventually lead to band-mixing. The best indicators of band-
mixing are the values of B(E2) ratios. For transitions
connecting the states of different bands, the B(E2) ratios. are
expected to obey the rule of Alaga’". The present work reveals
no such consistency for B(E2) ratios for transitions between
the y-band and the GSB. ‘

To account for such deviations from Alaga's rule
coupling parameter.ZY between the y-band and the GSB was
evaluated from the FOP theory of Lipas 7®. This allows ZY
to be calculated from each B(E2) value, and the results indi-
cate no unique value of ZY in contradiction to that claimed
by Gunther et al. 7° and Marshalek ’7. The present work
proceeds further by assuming a mixing between y- and B-bands,
and the mixing parameter ZBY was extracted from each of the
B(E2) ratios for transitions connecting states in the y-band
to states in the GSB. A unique value of ZBY equal to. -3.72(29)
X 10-® was obtained. A result in contradiction with the find-
ings of Dasmahpatra  ®!,- who concluded'that~ZBY=values'obtained
for different B(E2) ratios are non-unique. The mixing of
bands are again clearly indicated by. the ft.ratios of Table
(4.13). The inconsistency of the results with those derived
on the basis of a.symmetric rotor suggests that the states
in the y-band are not pure rotational states, but instead

are mixed with states of.the neighbouring B-band.

The non-dependence of the negative parity states
on the I(I+1l) level sequence is clearly‘shown in Figure (4.11).
The deviations are attributed to the Coriolis force which
results in the mixing of the bands with AK=1l.. This causes
the wavefunction of a state to have components from states
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of other bands. Such a mixing of bands with K" = 07, 17 and

27 is clearly indicated from the results of the B(El1) ratios.
The levels with spin/parity 2 and 4~ deexcite predominantly

to states in the y-band (K" = 2+), while levels with spin/
parity- -1 and 3~ deexcite mostly to states in the GSB (k" = O+).
The present calculations pertaining to the band-mixing for the
B(E1) ratios (Table: 4.20) show good agreement with experimen-
tal values, suggesting that Coriolis couplings do occur in
1607y -

In the context of the Interacting Boson Model, the
description of the SU(3) limit with.the perturbation by the
P.P (pairing term) give good results for both the energy
levéls and B(E2) values. Undoubtedly, the predictions of
B(E2) for transitions from Y-band tQ GSB allowed the signifi-
cance of the difference between the geometriéal model and IBM
to be evaluated. While it has been shown that such a ratio
can be reproduced in the Bohr-Mottelson description by the
‘explicit introduction of B-yvband—mixing,,in the framework
of the IBA, the natural appearance of band admixtures repre-
sents a fundamental. characteristic arising from the underlying
SU(3) symmetry of the model. It should also be emphasised
that the geometrical model as used here involves a formalism
applicable specifically to deformed nuclei which allows the

- extraction of all parameters necessary to describe a given

nucleus. The IBA uses.a Hamiltonian which is applicable across
a wide range of nuclei, and which for a certain combination of

terms provides a prediction for deformed nuclei.

, An important result of the IBM calculations is that
referring to the new.proton:subshell at Z=64 which clearly gives
better agreement with experiment as compared to the calcula-
tions for the normal shell closure at Z=50 or 82. '

A good example is the absolute B(E2) values of Table
(4.10). Even though the IBM (Z=50 or 82 shell closure) predic-
tions are close to experimental values, those predictions with
the Z=64 subshell give values which are in fact in better
agreement, particularly for the 2,* »_01+ transition. The
B(E2) ratios of Table (4.14) further illustrate‘the_effective—
ness of the Z=64 subshell closure in '®°Dy. A physical basis
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is thus established for the truncation of the boson number
from 14 to 7. '

In +the case of the positive parity levels, the
predictions for GSB and y-band energies using both approaches
(i.e. normal and subshell closure) are essentially identical
[Table (4.18) and Figure (4.10)]. For the states in the (2N-8,
4) representation, the results of Z=64 consideration are much
better. Particularly, for the bandhead of K™ = 4+ band at'
1694 (4%) keV: the zero branching ratio to the GSB supports
this assignment. . The IBM prediction with Z referred to 50
or 82 placed this level at 1920 keV, too high by 226 keV. A
large discrepancy was also observed for the K" = 4+ bandhead
in '%%Gd by Van Isaacker et al. '2* and was accounted for by
the inclusion of g-bosons (J=4). The new prediction at 1776
keV reduces the difference to 82 keV and suggests that the
consideration of a subshell closure at Z=6/ may provide an
alternative approach to the introduction.of the J=4 degrees
of freedom. This improved agreement with experiment is equally
true for the 5+ and 61 states (X" = 4+) observed from EC/B+
decay of Ho. The experimental value for the 5+ level is 1802
keV and the 6+ level is at 1929 keV. Using the normal shell
closure at 50 or 82, the former level is predicted at 2061
keV while the latter at 2230 keV. As can be seen the differ-
ence between the predictions and the experimental values are
indeed large. For the 5+ state the difference is 259 keV
and for the 6% state it is 301 keV. The new predictions
(Z=64) at 1915 and 2089 keV reduce the difference to 113 and
160 keV respectively.

Another level, in the (2N-8, 4) representation, which
is well predicted by Z=64 subshell closure is the 2% state at
1804 keV. It is predicted at 1802 keV while the normal IBM
(Z=50/82) estimates the level to occur at 1845 keV.

The good predictions.of-IBM (Z=6A) do not apply only
to the positi#e parity states. The calculations for the
negative parity states [Table (4.16) and Fig. (4.11)] clearly
indicate good agreement with experimental values. The K" =0
bandhead is well predicted at 1338 keV. The observed level
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is at 1335 keV.

The good agreement obtained from IBM (Z=64) calcu-
lations suggests that there is evidence for a subshell
closure at Z=6 in the '®°Dy nucleus, even though the neutron.
number is above 90. This conclusion could admit the presence
of a level at 1507 keV, spin/parity 2+, which cannot be descri-
bed by s-d boson space. As has been pointed out by Ref: !2%,
one consequence of a subshell closure at.Z=64 would be the
formation of second low-lying (= 2 MeV) 5" = of (s-boson) and
JT = 2+ (d-boson) states. The level at 1507 keV might be an
intruder state which could be described as a result of a d’-

boson.

18805 nucleus.

The '®80s nucleus is populated sequentially from the
B~ decay of !®®8W which firstly decays to '®%Re and then to the
stable '880s nucleus.

From the singles measurements of the decay of 88w,
fifty-two energies are identified as belonging to '%80s. Of
the eleven transitions previously suggested by Ref: '*7 8 are
confirmed and one at 810 keV is attributed to the background
radiation of 5%Co. Fourteen new y-energies are suggested.
The relative intensities obtained for the remainder are in
better agreement with the measurements of Svoren et al.!*?
than those of Yamazaki and Sato '*®., The largest difference
is observed for the 825 keV transition and even here the
present value of 2.2 (4) is comparable with the value of 1.7

(6) from (n,y) reaction.

The resuifs-of Y-y coincidence measurements and
energy'sum relations .enabled twenty-three excited states to
be established. TFour levels not previously confirmed are
established at'1478,'l704, 1842 and 1976 keV. The previously
unplaced energies at 1865 and 486 keV help to establish two
levels at 1865 ahd.1948 keV respectively. The three levels
at 1660, 1871 and 2043 keV are new suggestions. "'The results

'pertaining to other levels are consistent with previous
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workers. The present work improves on that of Svoren et al.!'*’

who did not make any coincidence measurements, and Yamazaki
and Sato '*® who used only three gates at 155, 478 and (633 +
635) keV. The existence of the 2023 keV level is now regarded
as conclusive. The previously suggested 1865 keV transition
from this level is rejected. Such a transition is suggested
as depopulating a level at 1865 keV directly to the ground
state... The level proposed. from (d,t), (p,t). and (d,p) -
reactions at 1973 *# 3 keV has been determined for the first
time from B~ decay at 1976 keV. Also, the 155 keV peak is
suggested to be a doublet with energies at 155.0 and 155.2

keV between the levels at 633 and 478 keV. The latter consti-
tutes 0.7 % of the total intensity.

In comparison with nuclear models, the IBA calcula-
tions give predictions for most of the energy levels to about
12 % and many B(E2) values were obtained which could not have
been predicted before. The 0(6) description, with a small
Q.9 perturbation [SU(3) characteristic], is able to account
for most of the nuclear properties. The 0(6) characteristic
of the energy levels is well displayed by the recurring [O+
2+ 2+] sequence shown in Figure (5.12). The value of -0.008
. near to zero, obtained for. the E2DD parameter of the T(E2)
operator further supports. the characteristic 0(6) feature of
18805, The B(E2) ratios for all the transitions are therefore
independent of the E2SD and E2DD parameters. The situation
is different for an SU(3) nucleus whereby only B(E2) ratios
_ for transitions -connecting-different-representations are

independent of these two parameters.

O0f the twenty-two positive parity levels observed,
eighteen are able to be described by the normal s-d boson ‘
space. This is better than BET and PPQM where oniy 11 levels
could be predicted by the former and 6 by the latter [refer
Table (5.9)]. A

The main problem encountered in the present work is
the assignment of the observed 0(6) states with the correct
quantum numbers (o, T, v,). The presence of 5 excited ot

states and fifteen 27 states has led to this difficulty since
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theoretically the 0(6) level spectrum consists of the repeating

+, 4+, 2+, «++s corresponding to the different

patterns O+, 2
values of o=N, N-2, .... [Figure (5.11)]. The task was made
easier by first establishing the quantum numbers of the of
states, which form the bandheads of the [O+ 2t 2+] sequences.
The 2% states are built upon these ot states, and are there-
fore easier to identify given the additional information from

the B(E2) ratios.

In '880s (N=10) the present work is able to identify
two o groups of states, 0=10 and 0=8. As was mentioned earlier,
the truncation of the quantum numbers o and T allows only three

excited oF states which are expected to occur in the group

0=10 and also another three for the group 0=8. The three exci-
ted 01 states which are identified to be in the 0=10 group are
1086, 1704 and 1824 keV, while the. 01 states at 1478 and 1765
keV belong to the 0=8 group. The third ot state in the 0=8
group was not observed, most probably it occurs at energy

greater than Qg- of 8%Re.

Another important test for the applicability of the
0(6) description to !®80s is the.presence of M1 transitions
depopulating the states with 0=N-2 to the states in the group
0=N. Also the allowed change in T is zergofs suggested by
Warner 5%, but these selection rules could,.be substantiated

experimentally since no experimental data were available. The

" present work is the first to test the validity of these rules

for an 0(6) nucleus. From the quantum number assignmenté of
the '880s states, the 2% levels at 1807 and 1941 keV are
expected to deexcite predominantly through M1 transitions.

The observed M1 and M1/E2 multipolarities of the 1017 and 1174
keV transitions from the 1807 keV level support the predictions
of the IBA. This is further substantiated by the observance

of two transitions, 1308 and 1150 keV, from the 1941 keV with
multipolarities M1 and M1/E2 respectively.

Summary.

As a summary, the present work tries to establish

a link between the '®°Dy and '®80s nuclei which can only be



204

achieved through the IBA description. The Hamiltonian used
can be truncated to any limit to describe a particular nucleus.
Such a procedure is not available in other nuclear models
whereby the description is only applicable to one type of
nucleus. In terms of the IBA limits, the two nuclei lie in.
the transitional region between the SU(3) and the 0(6) limits.
The nucleus of '¢°Dy exhibits more SU(3) characteristics and
the %80s nucleus displays marked 0(6) features. '®°Dy and
18805 are two good examples of what will happen to a nucleus
when subjected to high perturbative factors such as P.P and
Q.Q. In the 160Dy Hamiltonian there is a small perturbation
of E.g. When this perturbation is increased the nucleus will
move towards the 0(6) 1imit. In this case the second 2t
state moves gradually towards the first excited state (21+).
This occurs as A for Dy isotopes increases. For the Os
isotopes the increase of Q.Q perturbation will shift the
characteristics away from 0(6) toward the SU(3) limit. This
happens for Os isotopes of lower A. The general conclusion
derived from these observations is that, for any particular
series of isotopes lying between the SU(3) and 0(6) limits
their characteristic features can bihgetermined from the A
values., If A is low then inevitably,SU(3) limit should
dominate, while for high A values, an 0(6) description is the
best.
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